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PART 6

BENEFI T- COST ANALYSI S OF ENVI RONMVENTAL REGULATI ON
CASE STUDIES OF HAZARDOUS Al R POLLUTANTS

John A. Haigh
David Harrison, Jr.
Al bert L. N chols

|. 1 NTRODUCTI ON

The use of benefit-cost analysis in regulating environnmenta
carci nogens and other toxic substances is highly controversial
Econom sts and other policy analysts typically favor explicit
calculation of the costs and the health benefits of regulations,
and the use of such estimates in setting standards. Executive
Order 12291, signed by President Reagan in February 1981
encourages this approach by requiring all executive agencies to
perform benefit-cost analyses of major regulations and to select,
where the relevant statutes permt, those rules that maximze net
benefits (42 Fed. Reg. 1319 1981).

Two nejor lines of criticism have been directed against the
use of benefit-cost techniques to eval uate toxic-substance
regul ations The first is philosophical, enphasizing such issues
as the immorality of nmaking tradeoffs between health and dollars
(e.g., Kelman 1981). W shall not attenpt to deal with these
phi | osophical issues in this paper, except to state our belief
that such tradeoffs are inevitable, so the relevant question is
not whether they should be made, but rather whether they wll be

made explicitly or inplicitly and on what terms. (For a defense
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of the ethical legitimcy of applying benefit-cost analysis to
ri sk-reducing policies, see Leonard and Zeckhauser 1983.)

The second line of criticismstresses practical problens, in
particular the difficulty of making quantitative estinmates of the
benefits of controlling toxic and hazardous substances. Such
critics point to fundanmental scientific uncertainties about how
to estinmate the risks from [ow | evel exposures to environnmenta
toxics and to basic disagreenents about how much society should
be willing to spend to protect health (Swartzman et al. 1982).
Many also fear that adding requirenents for quantitative
assessnments of benefits and costs will further delay an al ready
slow regul atory process. Even the debate about these "practical”
I ssues, however, often is remarkably abstract, with little
reference to actual decisions that regulators nake. Advocates
have pointed to the general virtues of quantitative evaluation
while critics have stressed its general unreliability. As a
result, these broad debates provide little indication of what is
at stake in particular circunstances and, indeed, whether those
wth very different values and assessments of the scientific
evidence mght find much comon ground in actual regulatory
deci si ons.

This report anal yzes the useful ness of benefit assessnent
and ot her benefit-cost techniques as they could be applied to
deci sions the Environmental Protection Agency (EPA) nust nake in
regul ating airborne carcinogens under Section 112 of the dean
Air Act (42 U S.C A sec. 7412). The key concepts and findings,
however, are of much w der applicability. Al though we provide

background information on the provisions and history of Section
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112 to place our case studies in context, we have not restricted
our analysis to regulatory alternatives allowed under the current
stature; some of the alternatives that we consider mght require
statutory changes.

The linchpin of our analysis is the use of benefit
information to identify and evaluate alternatives to the
t echnol ogy- based approach EPA has tentatively adopted. W do not
anal yze cost-based alternatives, such as the "bubble" or
mar ket abl e pernit schemes.l In particular, we consider the use
that can be made of information the EPA has collected on benzene,
coke oven emssions, and acrylonitrile -- three pollutants the

agency is considering regulating as hazardous substances under

Section 112. Information on these three pollutants permts us to
provide a rich illustration of the advantages of eval uating
benefits explicitly. 1In addition, the three case studies taken

together enable us to assess strategies EPA mght enploy to
establish reqgulatory priorities and develop regulatory
alternatives. Finally, we are able to evaluate the ngjor
uncertainties surrounding benefit estinmates and to assess how
robust our conclusions are when plausible alternative paraneter
val ues are used.

W chose Section 112 for our focus both because it is an
important (and representative) elenment in the current framework
for regulating environnmental toxics and because we were already
famliar with sone of its key aspects. This report builds upon
several earlier studies: a general evaluation of the advantages

of using benefit-cost principles in Section 112 rul emaki ngs
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(Harrison 1981); a theoretical study of alternative regulatory
strategies that also contains a detailed enpirical analysis of
benzene (N chols 1981 and forthcom ng); an earlier analysis of
coke oven em ssions (Haigh 1982); and a study of the nerits
of varying standards in response to differences in the narginal
benefits of controlling emssions (Harrison and N chols 1983).
The renainder of this chapter summarizes the history of
Section 112 and introduces the three case studies. The next
chapter presents detailed analyses for the three case studies as
wel | as an overall conparison of regulatory strategies and
priorities anong the three pollutants. Chapter 3 sunmarizes the
uncertainties in calculating regulatory benefits and anal yzes the
robust ness of the conclusions reached in Chapter 2. Chapter 4

presents our overall conclusions.

Section 112 of the Cean Air Act
Section 112 was added to the Cean Air Act in 1970 to

provide the statutory authority for regulating "hazardous" air
pollutants emtted from stationary sources. Hazardous pollutants
were to be regulated outside the conplex framework of anbient
standards, State Inplenentation Plans, and new source performance
standards established for the nore ubiquitous "criteria"
pol lutants. The Act defined a hazardous air pollutant as one

to which no anbient air quality standard is applicable

and which in the judgnent of the Adm nistrator causes,

or contributes to, air pollution which may reasonably

be anticipated to result in nortality or an increase in

serious irreversible, or incapacitating reversible,
illness. (Section 112(a)(1))
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Section 112 requires the Admnistrator of EPA to establish a [list
of hazardous air pollutants and, wthin 180 days of listing a
substance, to set em ssion standards for sources "at the |eve
which . . . provides an anple nmargin of safety to protect the

public health" (Section 112(a)(1)).

This | anguage represented a conprom se that emerged from the
House- Senate conference conmttee on the Cean Ar Act anendments
of 1970. The Ni xon adm nistration had proposed setting national
em ssion standards for hazardous air pollutants based on
t echnol ogi cal feasibility, while Senator Ednund Muskie and his
Denocratic colleagues in the Senate favored a zero-di scharge
requi renent (Bonine 1975). The final |anguage of the section
which refers to neither technol ogical feasibility nor zero
di scharges, suggests that while the conference conmttee expected
standards to be based solely on health considerations it did not
expect health protection to demand absolute elimnation of

em SSi ons.

Dlemas In Inplenentation. EPA's regulatory activity under

Section 112 over the past 13 years has beenmodest.2 Only seven
substances have been listed: Dberyllium asbestos, nercury, vinyl
chloride, benzene, radionuclides, and inorganic arsenic.

Em ssion standards have been pronulgated for just the first four.
Both EPA and the environmental groups nonitoring the agency's
actions under Section 112 have concentrated on pollutants
suspected of causing cancer. This focus on carcinogens has

created a dilemma for the agency, as many scientists believe that

there are no thresholds for carcinogens -- no exposure |evels
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short of zero are risk free. Thus a strict interpretation
of Section 112's requirenent to provide "an anple margin of
safety to protect the public health" probably would require zero-
di scharge standards, which would be tantanmount to banning the
|isted substances. Many of these substances, however, are
i mportant industrial chemcals, so the costs of banning would be
tremendous, with many plant closures and the |oss to consuners of
many val uabl e products. |Instead, EPA has proposed -- and
environmental groups generally have accepted -- standards based
on the degree of control achievable with the "best avail abl e
t echnol ogy"” (BAT). As discussed in nore detail below, a
“generic" policy proposed in 1979 would have formalized the
agency's inplicit policy of requiring, at a mninmm BAT controls
for sources emtting pollutants |isted under Section 112

EPA's dilemma and its eventual decision to base control
requi renents on technol ogical feasibility are illustrated by the
standards pronul gated for asbestos and vinyl chloride. In 1971
EPA proposed standards for asbestos because of its link to a form
of cancer known as asbestosis (36 Fed. Reg. 23239 1971). The
public comrents revealed no scientific doubt that asbestos is
hazardous, but they al so made clear that a ban woul d be very
costly because there were few or no alternatives to asbhestos in
some of its uses. Although the EPA maintained that the standard
"was not based on econom c considerations” (36 Fed. Reg. 8822
1971) and that "the overriding considerations are health effects"
(36 Fed. Reg. 23239 1971), the preanble acknow edged the dilemm:

EPA considered the possibility of banning production

processing, and use of asbestos or banning al
emssions...into the atmosphere, but rejected these
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approaches. .. Ei ther approach would result in the

prohibition of many activities which are extrenely

I nportant; noreover, the available evidence relating to

the health hazards of asbestos does not suggest that

such prohibition is necessary to protect public health

(36 Fed. Reg. 8820 1971).

The EPA del ayed pronmulgating a final standard until 1973 (well
beyond the 180-day limt) and then only after a court order (38
Fed. Reg. 8820 1973).

The |anguage of the vinyl chloride standard, pronulgated in
Cctober 1976 (41 Fed. Reg. 46559 1976), provides an even clearer
indication of the shift to a technol ogy-based approach. In the
proposed regulation, EPA interpreted Section 112 as allowing it
to set standards

that require emssion reduction to the lowest |eve

achi evabl e by use of the best available control

technol ogy in cases involving apparent non-threshold

pol lutants, where conplete em ssion prohibition would

result in wdespread 1ndustry closure and EPA has

determned that the cost of such closure would be

grossly disproportionate to the benefits of renoving

the risk that would remain after inposition of the best

avail abl e control technology (40 Fed. Reg. 59534 1975).
Thus, although Section 112 nentions only health effects, and a
literal reading mght require that non-threshold pollutants be
banned, the EPA devel oped an accommodation that based control on
technol ogical feasibility.

Left unresolved in the setting of these individual standards
was the procedure by which substances would be listed. Asbestos
and vinyl chloride were clear cases of proven carcinogens, but
EPA had identified hundreds of substances as potentially
hazardous air pollutants. Environmental groups were dissatisfied
with the slow pace at which the agency was |isting substances and

pronul gating standards. |In 1976 the Natural Resources Defense
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Council had entered into a consent decree with EPA in which toxic
wat er pollutants were |listed and a schedul e for devel opi ng
regul ati ons was established (Natural Resouces Defense Council, .

Train, No. 75-172, 8 ER C 2120, D.D.C., June 9, 1976). The

I mpetus for considering sone overall strategy for airborne toxic
subst ances was provided in Novenber 1977, when the Environnenta
Defense Fund (EDF) filed a petition requesting that EPA establish
the terns of the vinyl chloride agreenent as a generic approach
to the regulation of all carcinogens (Doniger 1978). |n Cctober
1979, EPA proposed a cancer policy entitled "Policies and
Procedures for ldentifying, Assessing, and Regul ating A rborne
Substances Posing a Risk of Cancer" (44 Fed. Reg. 58642 1979).

Cancer Policy. The proposal was part of a larger effort by

the Carter admnistration to develop regulatory policies for
carcinogens. The EPA docunment was preceded by a controversi al
cancer policy proposed by the Cccupational Safety and Health

Adm nistration (OSHA) (45 Fed. Reg. 5001 1980) and by separate
policy docunents drafted by the President's O fice of Science and
Technol ogy Policy (1979) and by the U S. Regulatory Council (44
Fed. Reg. 60039 1979). In addition, the heads of the four major
regul atory agencies dealing wth carcinogens had formed the

I nteragency Regulatory Liason Goup with a mandate to develop a
greater scientific consensus on cancer risk assessment procedures
(44 Fed. Reg. 58647 1979). Finally, in 1979 EPA was devel opi ng
regul ations on benzene em ssions under Section 112 that could be
used as a prototype for the procedure the agency was el aborating

in the generic policy. Indeed, when the Wite House Regul atory
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Anal ysis Review Goup (RARG selected the EPA cancer policy for
review, the agency suggested that RARG use benzene as an
i ndication of how the policy would be inplemented (Regulatory
Anal ysis Review Goup 1980).

The proposed policy never was promul gated. Nonetheless, it
Is useful to review its provisions because they provide a clear
statenent of the procedures that had evol ved over the first
decade of Section 112's existence. The nost inportant features
of the docunent concerned the criteria for listing substances and
the criteria for setting standards for source categories (see
Harrison 1981 for a nore detailed description and critique). The
proposal established a relatively low hurdle for listing; any
substance that had a high probability of being a carcinogen was
to be listed unless it was a "laboratory curiousity." Upon
listing, sources emtting the substance inmediately would becone
subject to a set of generic regulations covering maintenance,
storage, and various "housekeepi ng" requirenents. For each
l'isted substance, the EPA woul d prepare detail ed estinmates of
health effects, primarily to set priorities for devel oping
em ssion standards for individual source categories (e.g., naleic
anhdride plants emting benzene). Those standards were to
require, at a mninmum BAT controls. The quantitative risk
estimates were not to be enployed in the standard-setting process
unl ess they showed that the residual risk after BAT controls
woul d be "unreasonable,” in which case tighter controls were to

be i nposed.
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Taken together, these provisions woul d have created what
Harrison (1981) refers to as a "delay trigger" for tight,
t echnol ogy- based regul ation of all airborne carcinogens. EPA is
aware of the potential for over-regulation that such a policy
mght create. David Patrick (1982), the chief of the Pollution
Assessnent Branch in the Ofice of Air Quality Planning and
Standards at EPA, has stated:

Al'l have perceived that a literal interpretation of

Section 112 would not preclude open-ended control

requirenents or the possibility of zero em ssion goals,
regardl ess of the control costs. Gven this potential
and the aPparent lack of flexibility re%ard|ng t he
removal of substances from the list of hazardous

pol lutants or the exclusion of source categories from

control requirenents, the Agency has al so been
reluctant to list pollutants as hazardous w thout sone
reasonabl e assurance that subsequent regul ations woul d
convey health benefits that are not grossly
di sproportionate to the costs of control
In the last two years, the EPA has undertaken considerable
anal ysis of potential Section 112 pollutants, but has not listed
any new substances, proposed new standards for substances
previously listed, or promnul gated standards proposed earlier.
The agency does have a |ist, however, of 37 substances undergoi ng
a variety of studies that mght lead to listing and regul ation

(Patrick 1982).

Recent Congressional Debate. The current debate on

reaut horization of the Cean Ar Act includes Section 112
Environmental groups have criticized EPA for "footdragging,” with
EDF specifically urging that Congress adopt a generic nethod for

l'isting airborne carcinogens, list the 37 substances now under
study, and require that EPA develop a systematic approach that

includes literature reviews, periodic reports, and tine limts
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for action. |In contrast, the Chem cal Munufacturers Associ ation
(CVMA) has suggested nodifying Section 112 to allow EPA to

regul ate only those substances that pose a significant risk to
health and to consider social, technical, energy, and economc
consequences in setting standards (Environnent Reporter 1981
1026) .

It is still too early to tell what changes, if any, wll be
made in Section 112. Thus far, however, Congressional sentinent,
at least in the House, appears to favor swifter, nore aggressive
regul ation of airborne carcinogens. In August 1982, the House
Energy and Commerce Conmittee voted in favor of an amendnent
requiring that each year for the next four years, EPA review 25
percent of the 37 substances discussed earlier. The anmendnent
woul d establish a presunption in favor of listing;, any of the 37
substances automatically would be listed unless EPA determ ned

that it was not hazardous (Environnent Reporter 1982, 491). If

this provision, or a simlar one, is enacted, the pace of
regul ati on under Section 112 should reach substantially higher

| evel s than ever before.

| ntroduction to the Case Studies

The pressure from Congress, and environnental groups for
accelerating the pace of regulation under Section 112 reflects a
concern that potentially serious health threats from airborne
carcinogens are going uncontrolled. To gain a better
under st andi ng of the nmagnitudes of the risks and to exam ne how

benefit-cost techniques, in particular quantitative benefit
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assessnments, mght be used to evaluate and design regul ations, we
have sel ected three substances for detailed study: benzene, coke
oven em ssions, and acrylonitrile. Al three are high-priority
Section 112 pollutants. Benzene has been listed formally and
regul ati ons have been proposed for several source categories.
Coke oven em ssions and acrylonitrile both are on the list of 37
substances, and extensive studies have been performed of their

health risks and control options.

Benzene.3 Benzene is a mgjor industrial chenical, ranking
anong the top fifteen with a production volune of alnost 6

billion kilograms in 1979 (Chem cal and Engineering News, June 9,

1980, 36). Although not counted in production figures, roughly
an equal anmount of benzene is found in gasoline (N chols 1981).
The vast majority of benzene is derived frompetroleum wth
relatively small anmounts produced as a byproduct of coke ovens.
Most benzene is used to produce other industrial chemcals, which
in turn are used to manufacture a wi de range of products
including nylon, plastics, insecticides, and polyurethane foans.
Benzene has | ong been known as a health hazard at high
concentrations and was regul ated under standards covering
hydrocarbons as a class, but until 1977 evidence linking it to

| eukem a was considered inconclusive. In that year, a study by
the National Institute of Cccupational Safety and Health (Infante

et al. 1977) showed a nuch higher than expected incidence of
| eukem a in workers exposed to benzene while enployed at two
plants in the rubber industry. The Infante study led OSHA to

reduce its occupational standard and EPA to |list benzene under
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Section 112. O her studies provided mxed support for Infante et
al."s results (see Nichols 1981 for a summary of those studies).

Listing led EPA to comm ssion studies of benzene em ssions
(PEDCo 1977) and exposure (Mara and Lee 1977 and 1978). These
studies provided a rough idea of the relative contribution of
different types of sources (see N chols 1981 for a nore detailed
summary and critique). Autonobiles accounted for over four-
fifths of total estinated exposure, although that fraction was
expected to fall rapidly as the percentage of autonobiles neeting
stringent hydrocarbon standards increased. The next |argest
source category, service stations, already was subject to vapor
recovery controls (for hydrocarbons generally) in nost |arge
urban areas. Moreover, autonobiles and service stations involve
| arge nunbers of individual sources. 1In contrast, the third
| argest category, chem cal manufacturing plants, has few
i ndi vi dual sources: the EPA contractor estimated that nore than
half of all emssions were fromthe eight plants that used
benzene to produce maleic anhydride (PEDCo 1977). Thus it is not
surprising that EPA placed top priority on developing an em ssion
standard for that category.

In April 1980, alnost three years after listing benzene, EPA
proposed an em ssion standard for maleic anhydride plants that
use benzene as a feedstock (45 Fed. Reg. 26669, 1980). The
standard would require that existing plants reduce em ssions from
the main process vent by about 97 percent from uncontrolled
| evel s. EPA had also considered a 99 percent contro
requirenent, but rejected it on the bases that the "risks

remai ning after applications of BAT to existing sources are not
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unreasonabl e" and that the tighter standard mght result in the
closing of one plant (45 Fed. Reg. 26667 1980). The proposed
rule forbids any benzene em ssions from new mal eic anhydride

pl ants, but higher benzene prices (due to sharp rises in the
price of petroleum already have nade it nore econom cal for new
plants to use an alternative feedstock (n-butane).

EPA estimated that existing plants operating at full
capacity without any controls would emt over 12.5 mllion kg of
benzene annually. A majority of the plants, however, already had
controls of 90 percent or better in response to state regulations
directed at hydrocarbons or, in the case of one firm the hope
that the benzene recovered would pay for the controls. As a
result, full-capacity em ssions were estimated at 5.6 mllion kg
per year. The BAT standard proposed was expected to reduce
em ssions by just under 5.1 mllion kilograns. |Its annual cost
(net of credits for the benzene recovered) was put at $2.6
mllion (U S EPA 1980, updated to 1982 dollars).

By early 1981, EPA had proposed benzene standards for three
addi tional source categories: ethylbenzene/styrene plants (45
Fed. Reg. 83448 1980), benzene storage vessels (45 Fed. Reg.
83952 1980), and fugitive sources in petroleum refineries and
chem cal manufacturing plants (46 Fed. Reg. 1165 1981). Al of
t hese categories, however, appeared to be significantly |ess
I mportant sources of benzene em ssions than nal eic anhydride
plants. Qur detailed analysis of benzene in the next chapter

deals only with naleic anhydride plants.
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Coke Oven Enissions. 4 Coke, produced by distilling coal in

ovens, is essential to the production of iron and steel. In
1979, approximately 48 billion kg of coke were produced in the
U S (US. EPA 1981b). Epidem ol ogical studies of coke-oven
wor kers have shown that em ssions from the coking process are
car ci nogeni ¢, causing increased risk fromlung, trachea,
bronchus, kidney, and prostate cancers. The toxic elenents
i ncl ude both gasses and respirable particulate matter. Most
attention has focused on the polycyclic organic natter (PQOV
contained in the coal tar particulates. Evidence of the
carcinogenicity of coke oven em ssions from epi dem ol ogi ca
studies is supported by animal skin-painting studies, which have
found sanple extracts to be carcinogenic; by studies show ng that
| aboratory ani mal s exposed to em ssions devel op |ung cancer; by
nmut agenicity studies with bacteria; and by the fact that nunerous
constituents of coke oven em ssions are known to be carcinogens.
In addition to POV which includes nore than 100 i ndividual
substances, there is concern about the effects of other
substances in coke oven em ssons, including aromatic conpounds
such as benzene; trace metals such as arsenic, berylium cadm um
| ead, and nickel; and gasses such as sulfur dioxide and nitric
oxide (U S. EPA 1982).

Unli ke mal ei ¢ anhydride plants, coke plants have nunerous
em ssions sources. A typical plant contains several batteries,
each of which has 20 to 100 ovens. EPA' s analyses in preparation
for possible listing under Section 112 have focused on three

“fugitive" emssion sources: doors, topside, and charging |eaks
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Charging |eaks occur when coal is added to the ovens at the

begi nning of the coking process. Door |eaks are the result of
imperfect fits between the ovens and the doors through which the
finished coke is later renoved. Topside |eaks exit through

I mperfect seals on the lids and off takes on the tops of the
ovens.

Because of the large nunber of fugitive sources within each
pl ant, EPA believes that nonitoring problems would make it
I npossible to express standards in terns of mass emssions (U S
EPA 1981b). Instead, the standards under consideration are
stated in terns of visible em ssions. EPA s contractors have
identified two alternative levels of control for each source, but
cost data are available only for the less stringent of the two,
apparently because EPA believes that the tighter standards would
result in many plant closures (U S. EPA 1981). W expect that if
coke oven emssions were listed, standards simlar to the
followng wuld be specified as BAT: 12 percent |eaking doors; 3
percent leaking lids and 6 percent |eaking offtakes ("topside");
and 16 seconds of visible emssions for each charging (U S. EPA
1981a).

Coke oven em ssions are regulated at present under OSHA
standards (41 Fed. Reg. 46742 1976) and State |nplenentation
plans (SIPs). Coke-plant operators al so have an econom c
interest in preventing the escape of emssions, as they are used
to produce a variety of products (including benzene). EPA has
identified 65 coke plants. Sone plants, however, are closed
others use a dry coal -charging process not covered by the

potential regulations, and still others already neet all of the

354



standards descri bed above. As a result, the nost recent (Apri
1983) estinates suggest that only 37 plants would have to
increase control efforts if the standards were inposed (though
some of those plants nmeet one or two of the three potential BAT
standards).® EPA puts the annual control costs for those plants
at $19.3 mllion (Research Triangle Institute 1983). Because of
uncertainties about the relationship between visible and nass

em ssions, the estimted annual reduction in benzene sol uble
organic (BSO emssions (a reasonable indicator of em ssions
posing a threat to health) covers a wide range, froma m nimum of
| ess than 47,000 kg to a maxi num of nore than 530,000 kg. For
conveni ence, nost of our calculations enploy a sinple average of
t he m ni mum and naxi mum esti mates, 289, 000 kg of BSO em ssi ons

per vyear.

Acrylonitrile. Acrylonitrile, like benzene, is an inportant

industrial chemcal enployed primarily as a feedstock in the
production of other materials that ultinately are used to

manuf acture a wi de range of common products, including rugs,
clothing, plastic pipes, and autonobile hoses. A nost 1 billion
kil ograms of acrylonitrile were produced in 1981 (Chemi cal ggg

Engi neering News, June 14, 1982).

Evi dence of acrylonitrile's carcinogenicity is extensive
EPA' s Carcinogen Assessment Goup (CAG identified three
epi dem ol ogi cal studies; seven lifetine |aboratory studies with

rats; several nutagenicity studies with bacteria, Drosophila
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(fruit flies), and rodents; chronmosonal studies of humans; and
nunmer ous netabolic studies. Respiratory cancers have been
associated with acrylonitrile in the epidem ol ogical studies
(Al bert et al.1982).

EPA has focused on four types of plants that emt
significant quantities of acrylonitrile: (1) acrylonitrile (AN
nmononer, (2) acrylic fiber, (3) acrylonitrile-butadi ene-styrene
(ABS) and styrene-acrylonitrile (SAN), and (4) nitrile elastomner.
Plants in the last three categories all use AN nononer as a
feedstock. The |argest feedstock use is acrylic fibers, enployed
primarily to manufacture rugs and clothing. ABS and SAN are both
resins used to produce hard plastics for such items as pipes,
appl i ances, disposable utensils, and packaging. Ntrile
el astoner is a type of rubber used extensively in the autonobile
industry for hoses, gaskets, and seals (Radian Corporation 1982).

As with coke ovens, EPA has not yet listed acrylonitrile nor
has it proposed specific regulations. EPA contractors, however,
have identified control options for each of the four source
categories that we regard as likely candidates for BAT standards.
For each source category, these controls would reduce em ssions
by at |east 95 percent bel ow uncontrolled levels. Al of the
exi sting plants, however, already have sonme controls, so that we
estimate that the potential BAT standards would only cut
acrylonitrile emssions from3.6 mllion kg to 0.5 mllion kg, a
reduction of slightly less than 87 percent. Estinated annua
control costs for the four industries total alnmost $29 mllion

(updated to 1982 dollars). 6
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Sunmary. Each of the proposed or potential BAT regul ations
woul d prevent the release of at |east several hundred thousand
kil ograms of carcinogenic material into the air each year
Moreover, we believe that it would be extremely difficult to
argue that any of the controls contenplated are beyond the
technol ogical or financial capabilities of the industries
affected; in each case sone existing plants already neet the
standard and in no case do the estimated control costs exceed
about 2 percent of total production costs. 7 Indeed, a plausible
case could be nade that the |anguage of Section 112 calls for
tighter standards than those being considered. Wth the data
presented in this chapter, however, it remains an open question
whet her the health benefits provided are likely to be

commensurate with the costs.
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1. BENEFI T- COST ANALYSES OF THE CASE STUDI ES

None of the standards in the three case studies is costly
enough to qualify as a "mgjor" rule under E. O 12291, and thus
none woul d require preparation of a conplete benefit-cost
analysis.® The data assenbled by EPA however, are sufficient to
allow us to nake some crude estinmates of both the benefits and
the costs. In addition to using this information to evaluate the
uni form BAT standards, we also consider two alternative
approaches: (1) nodification of the uniform standards to
Increase net benefits and (2) differential standards based on
exposure |evels around individual plants.

W begin with a brief, general overview of the steps
involved in estimating the benefits of regulating airborne
carcinogens. To illustrate the details of our calcul ations, we
provide a full analysis of the case study of benzene em ssions
from nal eic anhydride plants. W then sunmarize the results for
coke ovens and acrylonitrile. The final section conpares the

three case studies along several dinensions.

Steps In Estimating Benefits

To estimate the benefits of the standards, we need to trace
through the links fromemssions to exposure to risk, and
ultimately we nust estimate the dollar value of reducing risk
Figure 1 presents the steps in schematic form These steps are
common to all three of the case studies, and indeed to estimting

the benefits of controlling virtually any health-threatening
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pollutant. W deal briefly with each in turn. W shall return
in the next chapter to discuss the uncertainties associated wth

each step.

Exposure. Estimating the effect of reduced em ssions on
exposure requires estinmating both dispersion and popul ation
patterns. |n each case, EPA has perforned general dispersion
nodeling for a "nodel plant." For a given |level of em ssions,
the dispersion nodel generates estimtes of average annua
concentrations at various distances from the source. The
nodel ing for coke ovens and acrylonitrile was carried out to 30
Kiloneters (km, but the maxi mum di stance used for naleic
anhydride plants was 20 km (In the next chapter, we show that
the shorter distance for maleic anhydride plants is unlikely to
make nmuch difference in the results.) 1In all three cases, EPA' s
di spersion nodeling did not account for intersource differences
i n neteorol ogi cal conditions.

The estinated concentrations then nmay be conmbined with
pl ant-specific population data for each source to estimate tota
exposure levels for a given level of em ssions. For consistency
we summarize these exposure levels in terns of "ug/m3-person-
years," which is sinply the average annual concentration (in
m crogranms per cubic neter) nultiplied by the nunber of people
exposed and the |length of exposure. Thus, for exanple, 1000
peopl e exposed, on average, to 10 ug/m3 for one year generates
10, 000 ug/m3-person-years of exposure, as does 10,000 people
exposed to 1 ug/m3. As we discuss below, with a |inear dose-

response nodel, in which risk is proportional to exposure, this
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sunmmary statistic provides sufficient information to predict
total risk; the total risk is independant of how total exposure
I's distributed.

Dividing total exposure by the emssions |evel gives what
Ni chols (1981) calls an "exposure factor," the amount, of exposure
caused by a unit of emssions froma particular source. These
exposure factors, which are neasured here in ug/m3-person-years
per kilogramemtted, make it easy to convert estinmates of
em ssions reductions into nore neaningful estinates of exposure
reductions for individual plants. |[|f a plant with an exposure
factor of 0.6 ug/m3-person-years/kg reduces its enissions by 1
mllion kilogranms, for exanple, exposure falls by 0.6(1,000,000)
= 600, 000 ug/m3-person-years.

Risk. Translating reduced exposure into reduced risk
requires estimating the unit risk factor for each substance.
Typically evidence of carcinogenicity comes from either high-dose
animal studies or from epidem ol ogi cal studies of workers exposed
to relatively high concentrations of the substance. The doses at
whi ch risk has been neasured often are 1000 or nore tines higher
than the exposure levels affected by the regulations. A variety
of mat hematical nodel s has been proposed for extrapolating from
high to | ow doses; scientists disagree as to their validity and
unfortunately they yield wildly different estinmates of |ow dose
risks. There is also considerable controversy about how ani nal
data should be used to predict human risks. Fortunately, we have

human epi dem ol ogi cal data for all three substances.
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| n each case, we have relied on unit-risk estinmates prepared
by EPA's Carci nogen Assessnment Goup (CAG. The CAG enploys a
procedure that in essence assunes that risk is proportional to
dose at |ow | evels of exposure. This nodel is the nost
conservative of the nodels generally used; nost scientists accept
it as providing an upperbound estimate of the risks from | ow
| evel s of exposure.

Table 1 presents the unit risk estimates for the three
substances. For consistency, we present each as the risk of
cancer per ug/m3-person-year. The benzene risk estimate of 1.1 x
10~7, for exanple, inplies that if exposure to benzene were
reduced by 10 million ug/m3 person-years, roughly 1 case of
| eukem a woul d be averted. In contrast, reducing exposure to
coke oven em ssions by the same amount would prevent nore than
100 cases if cancer. Thus, although all three substances are
carcinogens, their relative potencies vary by nore than a factor
of 100; coke oven em ssions appear to be far nore dangerous than

ei ther benzene or acrylonitrile.

Val uing Reduced Risk. Benefit-cost analysis requires that

the costs and benefits be expressed in the sane units, usually
dollars. For our three case studies, that nmeans that we nust
assign a value to "saving a life," as the primary risks being
avoi ded are those of cancers with high notality rates. Over the
past decade or two, a substantial literature has grown up around
the issue of valuing reductions in risks to life. A consensus
appears to have energed, at |east anong econom sts, that the

appropriate criterion is the standard one of wllingness to pay.
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Table 1. CAG Unit R sk Factors

Unit Risk
Subst ance Ref er ence (cancers/ug/m3-yr)
Benzene Al bert et al (1979)2 1.1 x 107
Coke oven
eni ssi ons U S. EPA (1982)b 1.3 x 103

Acrylonitrile Albert et al. (1982)€ 4.4 x 10”7

Not es:
4converted from ppb- person-years to ug/m3-person years.
bconverted from lifetime to annual risk.

CAverage of three risk estimtes, converted fromlifetine to
annual risk.
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The principle is a sinple one: the value of sone benefit to an
individual is the anount he would be willing to pay to secure
it.? (A slightly different fornulation, which should yield
virtually identical results when dealing with small risks, is to
ask how much noney an individual would have to receive to forgo
t he benefit.10)

Several techniques have been suggested for estimating
Wil lingness to pay, including direct questions and draw ng
inferences fromactual behavior. Econom sts generally have felt
more confident about the latter approach, and nore than five
studies have estimated the wage prem uns associated wth
occupational risks. One study (Bl onguist 1977) estimated the
value of risk reduction using data on autonobile seatbelt use.

Bailey (1980) has reviewed the major enpirical studies,
adjusting themfor consistency. He estinmates a range of $170, 000
to $175,000 per life saved, with an intermediate estimate of
$360,000 in 1978 dollars. (Adjusting for inflation, as neasured
by the inplicit GNP price deflator, his internediate estimte
translates to $500,000 in 1982 dollars.) Hs estimtes are based
on the work of Thaler and Rosen (1974), Blonguist (1977), and
DI Iingham (1979). Two other studies, by Smth (1976) and
Viscusi (1978), estimated much higher wage prem uns for
occupational risks, with the highest estimtes in excess of $5
mllion per life saved in 1982 dollars, but little support can
found in the literature for using values as high as that for

evaluating progranms to reduce risk.
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Val ue of Exposure Reduction. Combining the CAG unit risk

factors and the values per |ife saved discussed above, we can
estimate the marginal benefits of reducing exposure to the three
substances. Table 2 presents the results for values per life

saved ranging from $250,000 to $5 mllion. Each entry is sinply
the CAGrisk factor tinmes the value per life saved. The entry

for benzene and a value per life saved of $1 mllion, for

exanple, is (1.1 x 10”7 deaths/ug/m3-person-year) ($l x 106/3eath)
= $0.11/ug/m3~person-year. These estimates should be used with
caution,as they rely solely on the CAG risk estinmates, which may
be biased upwards. |n each case, the plausible range includes
zero as a |l ower bound, as many of the nonlinear dose-response
nodel s woul d predict infinitesimal risks for these substances at

| ow concentrations.

Mal ei ¢ Anhydride (Benzene) Case Study 11

As di scussed earlier, the only one of our cases for which a

standard actual ly has been proposed is benzene em ssions from
mal ei ¢ anhydride plants. The standard proposed for existing
plants would limt themto 0.3 kg of benzene emtted per 100 kg
of benzene input, roughly a 97 percent reduction from
uncontrolled levels. O the eight plants identified by EPA as
usi ng benzene, however, five already had controls of 90 percent
or better prior to the proposal of the standard. Indeed, three

al ready net or exceeded the 97 percent requirenent. Thus, EPA's
figures suggested that the standard would affect only five

plants, and that for two of themthe increnental reduction in
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Table 2. Value of Exposure Reduction

Val ue Per Life Saved ($1 mllion)

Subst ance 0. 25 0.5 1.0 3.0 5.0
Benzene 0.028 0. 055 0.11 0. 33 0.55
Coke oven

em Ssi ons 3.25 6.50 13. 39. 65.
Acrylonitrile 0.11 0. 22 0. 44 1.32 2.20
Not e:

Entries are val ue of exposure reduction, in $/ug/m3—person—year.
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emssions would be relatively mnor due to preexisting controls.
In nost cases plants had installed controls to neet state

regul ations, though in one or two cases firms had hoped that the
controls would pay for thenselves in terms of the benzene
recovered for reuse.

Table 3 lists the eight plants, their existing controls,
and EPA's estinmates of the costs of neeting the two alternative
control levels considered, 97 and 99 percent. No costs are shown
for plants that already met the proposed standard. For the two
plants that had 90 percent controls, however, the cost estimates
assune that they would need all-new control equipnment; no credit
is given for possible adaptation of existing controls. Al of
the cost estimates are for carbon adsorption, which the EPA
estimates indicated would be the |owest-cost control technique
(including a credit for benzene recovered), and all assume 100
percent capacity utilization. (The EPA estimates indicate that

at lower |evels of operation, costs actually rise slightly.)

The costs shown in Table 3 are quite nodest, measured
relative either to total sales of maleic anhydride or to the
costs of nost EPA control regulations. |t would be extrenely
difficult to argue that the standard woul d be "unaffordable" or
that it goes beyond w dely applied existing technology. W would
argue, however, that the cost estimates are neaningless in
isolation, that they can judged appropriately only in relation to

the benefits they secure.
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Table 3. Control Costs for Ml eic Anhydride Plants

Current Control Costs?
control 1 r
Pl ant (% 97% 99%
Ashl and 0 520 539
Denka 97 0P 468
Kopper s 99 0P 0¢
Monsant o 0 687 710
Rei chol d(1 L) 90 406 422
Rei chol d( NJ) 97 oP 311
Tenneco 0 270 284
U S Steel 90 _694 _116
Tot al 2577 3451

Source: U.S. EPA 1980, tables 5-5a to 5-6a, updated to 1982
dollars using GNP inplicit price deflator.

Notes: 2All cost estimates assune "full-capacity" operation.
Ppjant al ready meets 97 percent standard.

Cplant already neets 99 percent standard.
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The first two colums of nunbers in Table 4 report the
estimated plant-specific reductions in emssions at the two
alternative control levels. The center colum shows the
estimated exposure factor for each plant. The final two col umms
present the estimated reductions in exposure; they are sinply the
em ssions reductions nultiplied by the exposure factors. Two
facts stand out immediately: (1) the plants vary widely in their
exposure factors, froma low of only 0,026 ug/m3-person-years/kg
to a high of 1.23 ug/m3-person-years/kg, a range of alnost a
factor of 50; (2) one plant, Mnsanto, accounts for over 80
percent of the reduction in exposure at either control |evel
though it is responsible for less than half the reduction in
em ssions and only about one-quarter the control costs.

Conbining the reduction in exposure with the CAG unit-risk
estimate yields the prediction that the proposed standard woul d
eliminate (3.65 x 106 ug/m3-person-years)(1.1 x 1077

deaths/ug/m3-person-year = 0.4 deat hs per year.

Cost - Ef fectiveness of Proposed Standard. Table 5
summari zes the effects of the two standards considered by EPA

The entries under "Annual Costs and Benefits" are sinply the
totals from Tables 3 and 4. The "Cost-Effectiveness" ratios

are the costs divided by the relevant benefits. EPA s proposed
standard, 97 percent, has a ratio of $0.71 per ug/m3-person-year
of exposure reduction; that is, for the proposed standard to

yield positive net benefits, the benefit per unit of exposure

reduction, V, would have to exceed $0.71, which is well above the

pl ausi bl e range shown in Table 2. (Even with the CAG risk
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Table 4. Reductions in Em ssions and Exposure for
Mal ei ¢ Anhydride Pl ants

Emissions Exposure Exposure
Reduction Factor Reductjon
(1000 ka/year) (ug/m°-years) (1000 ug/m>-vears)
Pl ant 97% 99% /kg) 97% 99%
Ashl and 1722 1788 0. 054 93.0 96. 6
Denka 0 18 0.794 0. 14. 3
Koppers 0 0 0.518 0. 0.
Monsant o 2412 2505 1. 251 3018. 3134.
Rei chol d(IL) 61 110 0. 026 1.6 2.9
Rei chol d( NJ) 0 11 1.229 0. 13.5
Tenneco 7147 776 0.624 466. 484.
U S Steel 117 211 0.573 _67. 121,
Tot al 5059 5418 3646. 3866.

Source: Calculated fromU S. EPA (1980).
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Tabl e 5. Cost - Ef fectiveness of Uniform Em ssion Standards
for Maleic Anhydride Plants

Change in Control Llevel
Curr ent Current 97% to
to 97% to 99% 99%

Annual Costs and Benefits

Control Cost ($1000) 2577 3451 874
Reduced Em ssions (1000 kg) 5059 5418 359
Reduced Exposure (1000 ug/m3-yrs) 3646 3866 220

Cost - Ef f ecti veness

Em ssions ($/kg) 0.51 0. 64 2.43
Exposure ($/ug/m3-yr) 0.71 0. 89 3.97
Li ves saved ($1 million/life) 6.5 8.1 36.1

371



estimate, one would have to value "saving a life" at $6.5 million
to justify the standard.) The average ratio for the 99 percent
standard is only slightly higher, $0.89 per ug/m3-person-year,
but the marginal ratio, which is the relevant one for decision-
maki ng purposes, is nuch higher: dividing the increnental costs
of the tighter standard by the incremental reduction in exposure
yields a cost of $3.97 per ug/m3-person-year, al nbst ten tines

hi gher than our upperbound estimate of the marginal benefit.

| nproving the Uniform Standard. The high cost per unit of

benefit under the proposed standard is due in part to the fact
that of the five plants that would need new control equipnent to
neet it, two already achieve 90 percent control. Relaxing the
standard to that level would allow those plants to use their
existing controls and would save a considerable amunt of noney
wth little change in benefits. Unfortunately, EPA has not

devel oped cost estimates for 90 percent controls. W can nake a
conservative estimate of the net benefits of relaxing the
standard by assumng that 90 percent controls would cost just as
much as those achieving 97 percent for the three plants that
currently are uncontrolled. That is, we assune that with a |ess
stringent standard, Ashland, Mnsanto, and Tenneco would cut

em ssions by only 90 percent, but their costs would be the sane
as at 97 percent. Table 6 reports the results (assumng full-
capacity operation). The estinmated exposure reduction is only
6.4 percent lower than at 97 percent, but costs fall 42.7
percent. The cost-effectiveness ratio drops to $0.43 per ug/m3-

person-year of exposure reduction, which, while probably stil
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Table 6. Cost-Effectiveness of Less Stringent Standards
for Maleic Anhydride Plants

Chance in Control Level
Current 90% t o
to 90% 97%

Annual Costs and Benefits

Control Cost ($1000) 1477 1099
Reduced Emi ssions (1000 kg) 4646 413
Reduced Exposure (1000 ug/m3-yrs) 3405 240

Cost - Ef f ecti veness

Em ssions ($/kg) 0. 32 2. 66
Exposure ($/ug/m3-yr) 0. 43 4.58
Lives saved ($1 mllion/life) 3.9 41.6
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too high to justify the 90 percent standard on benefit-cost

grounds, is a substantial inprovenent over the BAT proposal. The
90 percent standard yields higher net benefits for all values of

V less than $4.58 (roughly $42 nillion per life saved).

Dfferential Standards. Relaxing the uniformstandard to 90

percent inproves cost-effectiveness by screening out plants where
the proposed standard has little inpact on em ssions or exposure.
Dfferential standards, setting tighter requirenents for plants
wi th hi gh exposure factors, offers a nore anbitious and
controversial way of increasing efficiency. (See Harrison and
Ni chol s 1983 for a general discussion of the advantages of
varying standards in response to inter-plant differences in the
margi nal benefits of emssion control.) As discussed earlier
one plant (Mnsanto) accounts for a large fraction of the
benefits of the proposed standard. In part that reflects the
fact that it is the largest plant without current controls Mre
i nportant, however, is that Mnsanto has the hi ghest exposure
factor; located in a mgjor city (St. Louis), each kilogram
emtted from the Mnsanto plant causes substantially nore
exposure, and thus risk to health, than a kilogramemtted by
nost other plants. (The only other plant wwth a simlarly high
exposure factor, the Reichold plant in New Jersey, already
achi eves 97 percent control.)

In extreme form differential standards based on exposure
factors lead to plant-specific standards, as each plant has a
di fferent exposure factor. A nore practical approach is to

establish a limted nunber of categories; in this case, with only
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eight plants, it is difficult to justify nmore than two cl asses.
If we split themevenly, based on the exposure factors in Table
4, there are four "high-exposure" plants [Mnsanto, Reichold
(NJ), Denka and Tenneco] and four "l ow exposure" plants
[ Koppers, U S. Steel, Ashland, and Reichold (IL)]. Table 7
presents the results for each group. In the high-exposure group
97 percent is justified if V exceeds $0.27 (90 percent has a
worse cost-effectiveness ratio), and tightening the standard to
99 percent yields positive net benefits only if the nargina
benefit of controlling exposure exceeds $5. In the |ow exposure
group, even 90 percent control requires a V of nore than $5.78.
(The next step for |owexposure plants is 99 percent, which has a
| ower cost-effectiveness ratio than 97 percent control.)
[ mposing 97 percent control only on the high-exposure plants,
with no new controls on the other plants, yields 96 percent of
the benefits of the proposed uniform standard at 37 percent of
Its cost. That conditional standard dom nates the uniform 90
percent alternative, achieving slightly greater benefits at 71
percent of its cost. Thus, even a crude, two-Ilevel approach
significantly inproves the cost-effectiveness of standards here.
W al so can consider the effects of varying the dividing
l'ine between high- and | ow exposure plants. Table 8 ranks the
five plants that do not already neet the 97 percent standard in
descendi ng order of their exposure factors. It also reports the
cost and benefits of controlling each plant and all other plants
with higher exposure factors. The final two columms show the

average and margi nal costs of exposure reduction. The latter
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Table 7. Cost - Effectiveness of Conditional Standard for
Mal ei ¢ Anhydride Plants

H gh Exposure Low Exposure
97% 99% 90% 99%
Annual Costs and Benefits
Control Cost ($1000) 957 1773 520 1678
Reduced Eni ssions (1000 kg) 3007 3159 1639 2109
Reduced Exposure (1000 ug/m3-yrs) 3485 3645 90 221
Mar gi nal Cost-Effectiveness
Em ssions ($/kg) 0.32 5.37 0.32 2.46
Exposure ($/ug/m3-yr) 0.27 5. 10 5.78 8. 84
Lives saved ($1 nmillion/life) 2.5 4.4 52.5 80. 4
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Table 8. Effects of Varying Definition of H gh-Exposure d ass
for Maleic Anhydride Plants

Cumul ative Cunul ative Cost—Effegtiveness

Exposure Cost Exposure __ ($/ug/m°-vear)

Mar gi nal Pl ant Fact or ($1000) Reducti on Average Marginal
Monsant o 1. 251 687 3018 0.23 0.23
Tenneco 0.624 957 3484 0. 27 0.58

U S Steel 0.573 1651 3551 0. 46 10. 36
Ashl and 0. 054 2171 3644 0. 60 5.59
Rei chold (IL) 0. 026 2577 3646 0.71  203.
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range froma |ow of $0.23/ug/m3-person-year i f only Monsanto is
included in the high-exposure class to a high of over $200 if al
plants are regulated at 97 percent (at which point, of course, we

again have the uniform standard proposed by EPA).

Recent Devel opments. The anal ysis above is based on data

available to EPA when it proposed the standard for maleic
anhydride plants in April 1980. Since that tine, while the
standard has been awaiting promul gation, several inportant

devel opnents have occurred: (1) four plants -- Koppers, Tenneco,
and both Reichold facilities -- have shut down; (2) Ashland and
Denka have converted to n-butane, apparently in response to

hi gher benzene prices; (3) Mnsanto has installed 97 percent
controls and is in the process of converting all of its capacity
to n-butane; and (4) an additional plant, a small one operated by
Pfizer in a lightly-popul ated area of I|ndiana, has been

"di scovered"” (N chols forthcomng). As a result, the costs and
benefits of the proposed standard both are snaller, but the
latter have fallen by a much larger factor. The standard, if
promul gated, would apply to only two plants, Pfizer and U S.
Steel. The former, by virtue of its small size and |ow exposure
factor (0.052 ug/m3-person-years/kg) has an estimated cost per
life saved in excess of $60 nillion (N chols 1981, converted to
1982 dollars). As reported earlier, US. Steel has an even worse
cost-effectiveness ratio because it already achieves 90 percent
control. Thus it appears inpossible to justify additiona

controls for any plants.
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Coke Ovens Case Study12

The standards being considered for coke ovens, as discussed
in Chapter 1, are expressed in terns of visible em ssions from
three sources within coke plants: doors, topside, and charging.
Many plants already neet sone or all of the requirenents:
approxi mately 37 would have to undertake additional action to
control at |east one of the three sources. Al of EPA's em ssion
and cost estimates are from a baseline that assumes conpliance
with existing state and OSHA regul ations. As discussed in
Chapter 1, EPA has prepared m ni mum and maxi num esti mates of
emssions for each plant; here we use the average of those
extremes. (In Chapter 3, we consider the effects of using
alternative emssion-reduction estimtes.)

Estimat ed exposure factors for the coke plants cover an even
w der range than those for mal eic anhydride plants, froma | ow of
0.058 to a high of 5.93 ug/m3-person-years per kil ogram of
em ssions (calculated fromU. S. EPA 1981b, app. E). The nean
(wei ghted by enissions reductions) is 2.8 ug/m3-person-years/kg.
These exposure factors generally are higher than those for maleic
anhydri de plants, despite the fact that the same basic di spersion
nodel and neteorol ogical data were used. At l|least tw factors
contribute to the differences: (1) coke plants are located in
areas W th higher population densities and (2) fugitive
em ssions, released at |lower heights with |ower exit velocity,
apparently result in higher concentrations in the areas around

the plants.
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Cost -Ef fecti veness of BAT Standard. The first col um of

Table 9 summarizes the effects of the BAT standard being
considered by EPA. As reported earlier, the estinated costs are
$19.3 million per year, with em ssions reduced by just under

290, 000 kg annual ly. Using plant-specific em ssion estinmtes and
t he exposure factors described above, we estimate that exposure
woul d fall by 819, 000 ug/m3-person-years. Thus the cost-

ef fectiveness ratio is about $23.6 per ug/m3-person-year,
substantially higher than that for nmaleic anhydride plants. It
Is inmportant to renenber, however, that coke oven em ssions are
much nore potent carcinogens than benzene; the estimted cost per
life saved is $1.8 nmillion, less than one-third the ratio
estimated for maleic anhydride plants. Nonethel ess, we suspect

t hat nost benefit-cost anal ysts woul d conclude that the BAT

standard would not yield positive net benefits.

| nproving the Uniform Standard. Wth the data available to

EPA, it is possible to consider the individual components of the
BAT standard, though not to analyze alternative levels for the
different sources within plants. The |ast three colums of Table
9 present separate figures for doors, topside, and charging.
Controls on chargi ng appear to be substantially |ess cost-
effective than those for the other two sources: the cost per unit
of exposure reduction is over $71, inplying a cost per life saved
of $5.5 mllion. Dropping the charging standard reduces costs by
29 percent, but cuts benefits by only 9 percent. The nost cost-

effective conponent is that for doors, with a cost-effectiveness
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Table 9. Cost-Effectiveness of Uniform Em ssion Standards
for Coke Ovens

I ndi vi dual Control Options
Tot al Door s Topsi de Chargi ng

Annual Costs and Benefits

Control Cost ($1000) 19,303 11,730 2,068 5, 505
Reduced Em ssions (1000 kg) 289 230 32 26
Reduced Exposure (1000 ug/m3-yrs) 819 660 88 71

Cost - Effectiveness

Emi ssions ($/kg) 67 51 64 209

Exposure ($/ug/m3-yr) 23.6 17.8 23.4 71.3

Lives saved ($1 nmillion/life) 1.8 1.4 1.8 5.5
Sour ces:

Cost data: Research Triangle Institute, 1983.

Em ssion data: average of "maximuni and "minimunt estimtes
in US EPA 1983b.

Exposure factors: calculated from U S. EPA 1981b, app. E
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ratio of less than $18 per ug/m3-person-year. | mposi ng the
standard just on doors would cut costs 39 percent while still
yielding 80 percent of the benefits of the conplete BAT standard.
Not e, however, that even the door standard fails to yield
positive net benefits unless the value ascribed to saving a life
is at least $1.4 mllion (based, again, on the CAG risk

estimte).

Differential Standards. The w de range in exposure factors

offers opportunities to increase efficiency by restricting the
standards, or portions of it, to plants with relatively high
exposure factors. O the 37 plants, for exanple, 21 have
exposure factors greater than 2.0 ug/m3-person-years/kg.

| mposi ng the door and topside standards only on those plants
yields 81 percent of the benefits (666,000 ug/m3-person-years) at
only 33 percent of the cost ($6.3 mllion) of the uniform BAT

st andar d.

Figure 2 plots the full range of possibilities for
exploiting differences anong plants in exposure factors. The
axes neasure cunul ative costs and exposure benefits as
percentages of the maxi mum [ evels achieved under the full set of
uni form BAT standards. For conparison, we show the three
segments of the alternative uniform standards, representing
controls of the three separate sources. The "differentials
standards" option was derived by first ranking the plants by
exposure factors. W then conputed the cost per unit of exposure
reduction for each of the three control options for each plant.

Finally we found the convex set of plant-control conbinations
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subject to the constraint that no plant could control a
particular source (e.g., doors) unless all other plants with

hi gher exposure factors also controlled that source. W did not,
however, require that the dividing |ine between "high-" and "l ow
exposure plants be the sane for all sources. An efficient

conbi nation, for exanple, mght involve controls on doors for
plants with exposure factors of 4 ug/m3-person-years/kg or

hi gher, controls on topside |eaks for plants with exposure
factors in excess of 5 and no charging standard for any plants.
For reference, we also show the "m ni numcost" sol ution, which
ranks plant-source conbinations in order of cost per unit of
exposure reduction, thus taking account of variations in both the
mar gi nal costs and the margi nal benefits of controlling
emissions.13 Note that differential standards come close to
achieving mnimm cost over nost of the range. |t appears that

| arge efficiency gains could be reaped by limting the standards

to plants with relatively high exposure factors.

Acrylonitrile Case Studyl4

EPA has devel oped data on thirty plants that mght be
subject to standards limting acrylonitrile em ssions: twelve
ABS/ SAN resin plants and six in each of the other three
categories (AN nmononer, acrylic fibers, and nitrile elastoner).
In all four source categories, acrylonitrile is released from

several points within plants, but production processes account

for nmost of the emssions (Energy and Environnental Analysis

1981).
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The devel opnent of standards for acrylonitrile is at an
earlier stage than for either of the other case studies.

Consul tant reports, however, have identified control options that
we believe are representative of the BAT standards that EPA would
be likely to inpose if it proceeded with regulation. Table 10
lists the percentage reductions in emssions (from "uncontrolled"
| evel s) for each source category; the control |evels being

consi dered range from 95 percent for ABS/SAN resin plants to 99
percent for firns producing AN nononer. These percentages
however, overstate the actual reductions that woul d be achieved
gi ven existing controls and production processes. |n each
category, sone plants already neet the potential standard; half
of the ABS/ SAN resin plants use a technology that is inherently
low in emssions. Mreover none of the plants is "uncontrolled."
Table 10 al so reports the average control |evels (weighted by
emssions) for plants that currently do not neet BAT standards;
they range from 87 percent for AN nononer plants to 55 percent
for plants producing nitrile elastoners.

For AN nmononer plants, the contractors' reports provide
sufficient information to adjust costs to reflect existing
controls. This appears to be reasonable, as a BAT standard
probably woul d force such plants to install controls on
addi tional sources, rather than to replace existing controls.

For the other source categories, we followed the sanme procedure
as wth maleic anhydride plants; plants were not given any cost

credits for existing controls unless those controls nmet the

385



Tabl e 10. Current Status

of Plants Emtting Acrylonitrile

Nunber Plants requiring contro
BAT of plants current
Cont r ol meeti ng Aver age
Source Category (% standard Nunber Control (%
AN nononer 99 1 5 87
Acrylic fibers 95-96 1 5 58
ABS/ SAN 95 6 6 70
Nitrile elastoners 96 2 4 55
Sour ces:
"BAT" control levels and uncontrolled em ssions based on Key

and Hobbs (1980) for AN nonomer and dick and More (1979) for

t he ot her categories.

Current em ssion estimates, used to

cal cul ate "current average control," from U S. EPA (1983a).
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i kely BAT standard. W also adjusted the estimtes of both
costs and benefits to reflect l|ess-than-full-capacity operation
based on recent production |levels: 95 percent utilization for AN
nmononer and acrylic fiber plants, 90 percent for nitirile

el asat oner production, and 75 percent for ABS/ SAN resin plants
(Energy and Environnental Analysis 1981).

As with the other case studies, estimted exposure factors
cover a wide range, from 0.009 ug/m3-person-years per kil ogram
for an acrylic fiber plant to 1.14 ug/m3—pezson—years per
kilogram for a nitrile elastomer plant (calculated from Suta
1982b). The average (weighted by em ssions reductions) is 0.146
Thus the exposure factors for acrylonitrile appear to be
substantially |lower than those for benzene and far snaller than
those for coke ovens. The neans for individual categories also
vary widely, froma low of 0.049 for acrylic fibers to a high of

0.634 for nitrile elastoner.

Cost-Ef fectiveness of BAT Standards. The effects of

I mposi ng BAT standards on all four source categories are

summari zed in the first columm of Table 11. W estinmate that

the costs of $29 mllion would result in reducing exposure to
acrylonitrile by just over 450,000 ug/m3-person-years; wth the
CAG risk estimate, a case of cancer woul d be avoi ded roughly once
every five years. As a result, the conplete set of four BAT

standards clearly fails a benefit-cost test. The cost per unitof

exposure reduction is over $60 and the estimated cost per life

saved is over $140 mllion
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Table 11. Cost-Effectiveness of BAT Standards for Acrylonitrile

| ndi vi dual Categories

AN Acrylic ABS/SAN Nitrile
Tot al Monomer Fibers Resins FElast.

Annual Costs and Benefits

Control Cost ($1000) 28,988 4,792 6,574 14,317 3,306
Reduced em ssions (1000 kg) 3,112 522 1,174 1,173 243
Reduced exposure (1000 ug/m3-yr) 455 129 56 115 154

Cost - Ef f ecti veness

Em ssions ($/kg) 9.3 9.2 5.6 12.2 13.6

Exposure ($/ug/m3-year) 63.7 37.2 117.4  124.5 21.5

Lives ($1 mllion/life) 144 84 264 280 48
Sour ces:

Control cost estimates based on nodel plant data in Key and
Hobbs (1980) and Energy and Environnmental Analysis (1981) for AN
nmononer and in Cick and More (1979) for the other categories.
Al costs updated to 1982 dollars using G\P inplicit price
deflator. Em ssions reductions based on "current" emssions in
U S. EPA (1983a) and on nodel -plant controlled em ssions in Key
and Hobbs (1980) for AN nonomer and in dick and More (1979) ftor
the other categories. Exposure factors estinmated using
di spersion nodeling results and plant-specific population data
provi ded by Suta (1982b).
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I mproving the Uniform Standard. Table 11 also reports the

costs and benefits of BAT standards for each of the four source
categories. Note that the cost-effectiveness ratios (both for
exposure and |ives saved) vary wdely; the ratios for ABS/ SAN
resin plants are alnmost six times higher than those for nitrile
el astonmer plants. Those differences reflect variations in
exposure factors rather than in em ssion-control costs. Indeed,
I f we focused on cost-effectiveness in emssion control rather
than the nore relevant neasures, it would appear that ABS/ SAN
resin plants were better candidates for regulation than the
nitrile elastomer facilities.

Restricting the BAT standards to the nitrile el astomer and
the AN mononmer plants would yield 62 percent of the benefits of
the conplete set of standards at 28 percent of the cost. The
average cost per unit of exposure reduction, however, would stil
be over $28 per ug/m3-person-year, inplying a cost per life saved
of over $65 nmillion using the CAG risk estimate. Even the nost
cost-effective category, nitrile elastomer plants, has a cost per
life saved of alnmost $48 nillion. Thus it appears that none of
the BAT standards can be justified on benefit-cost grounds.

Anot her possibility is to consider |ess stringent
regul ations for the individual source categories. EPA has not
anal yzed such alternatives, but fromthe nodel plant data it
appears that a flare to control colum-vent emssions from AN
nononer plants woul d reduce em ssions about 76 percent bel ow
uncontrol led levels at a cost of |less than $0.032 per kilogram of

acrylonitrile (Key and Hobbs 1980, WI-5, updated to 1982
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dollars). Using the average exposure factor for those plants of
0. 248 ug/m3-person-years/kg, the cost per unit of exposure
reduction would be $0.13; the inplicit cost per life saved woul d
be under $290,000, a relatively mbdest sum Al of the AN
nononer plants, however, already have such flares; as reported
earlier, their average current level of control is alnost 90
percent. Thus, fromthe data available to us, we are unable to
find uniform acrylonitrile standards that are likely to yield

positive net benefits given existing controls.

Dfferential Standards. As in the other two case studies

wi de variations in exposure factors offer opportunities to

I mprove cost-effectiveness by limting standards to high-exposure
plants. Figure 3 plots the costs as functions of the

reductions in exposure for the sanme strategies presented in
Figure 2 for coke ovens. As before, the costs and benefits are
expressed as percentages of those achieved under the full set of
BAT standards. Note that, as with coke ovens, differential
standards based on exposure yield |arge savings over uniform
standards and that they do alnobst as well as the m ni mum cost
allocation. Restricting the standards to AN nonormer and nitrile
el astoner plants with exposure factors greater than 0.2 ug/m3-
person-years/ kg, for exanple, yields al nost 60 percent of the
benefits of the conplete set of BAT standards at only 17 percent
of its cost.® In contrast to the coke oven case, however, even

the differential standards fail to yield positive net benefits
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for plausible values of risk reduction. The nobst cost-effective
plant is one in Akron, Chio, that produces nitrile el astonmer, but
even its cost-effectiveness ratio is $7.98 per unit of exposure
reduction, or approximately $18 nillion per life saved. 16 Thus,
although differential standards can inprove the cost-
effectiveness ratios substantially, they appear unlikely to yield

benefits commensurate with the costs of control

Conpari sons Anong the Case Studies

The three detailed case studies may be conbined to provide
additional insights about the use of benefit information to
eval uate regulatory alternatives and establish regulatory
priorities. \Wile our overall conclusions are given in Chapter 4
after our evaluation of uncertainties, it is useful to summarize

the results thus far

Health Benefits of Control. Table 12 summarizes the key

paraneter values needed to estimate the health benefits of
reduci ng em ssions of the three substances. |t shows that the
val ue of controlling coke oven emssions wll be greater than for
ei ther benzene or acrylonitrile because the unit risk factor and
t he average exposure factor both are much larger. On average a
ki | ogram of coke oven em ssions causes three tines the exposure
of a kilogram of benzene from maleic anhydride plants and over 17
tinmes the exposure of a kilogram of acrylonitrile. The risk per
unit of exposure to coke oven emissions is nore than 100 tinmnes

hi gher than for benzene and al nost 30 times higher than for

acrylonitrile. As a result, as shown in the last |line of the
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Tabl e 12.

R sk and Exposure Information for the Three Cases

Mal ei ¢
Anhydri de Coke Oven o
(Benzene) Em ssi ons Acrylonitrile
Unit risk factgr
(deaths/ug/m>-yr) 1.1x10°7 1.3x1075 4.4x10~7
Average_exposure factor
(ug/m3-yr/kg) 0.721 2.03 0. 146
Ri sk per kg of
eni ssi ons 7.9x10°8 3.7x107° 6.4x1078
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table, the risk reduction from controlling a kil ogram of
emssions is, on average, roughly 500 tines greater for coke

ovens than for either of the other cases.

BAT Control s. Tabl e 13 sumari zes the results of our

anal yses of the BAT standards. (For naleic anhydride plants, the
EPA has fornally proposed the BAT standard, while for the other
two we inferred the BAT technol ogy from the devel opnent
docunents.) As expected, the health benefits are much greater
for coke oven emssions than for benzene or acrylonitrile. W
estimate that BAT controls on coke ovens would result in alnost
11 fewer cases of cancer each year, conpared to reductions of 0.4
cancer deaths for maleic anhydride controls and 0.2 cancer deaths
for the four acrylonitrile standards. Though not reported in the
table, our estimates suggest that controlling door |eaks froma
singl e coke plant (the one with the highest exposure factor)
woul d generate alnost three tines the reduction in risk of the
mal ei ¢ anhydride and the four acrylonitrile standards conbi ned
(at a cost 0.6 percent as great).l”

The final rows of Table 13 show equally w de differences
in the cost-effectiveness of control. The final row presents the
nost rel evant conparison -- the value placed on saving a life
that is inplied by the control benefits and costs. To justify
acrylonitrile controls on benefit-cost grounds, the value of a
statistical life would have to be at least $144 mllion, an
i nplausible figure fromvirtually any perspective. The cost-
ef fectiveness figure for benzene, $6.5 mllion, also is larger

than the range of plausible estinmates. Controls on coke oven

394



Tabl e 13. Benefits and Costs of Uniform BAT Standards for
the Three Case Studies

Mal ei c Coke Acryl o-
Anhydride?@  Ovens nitrile
Annual Costs and Benefits
Control Cost ($1000) 2,577 19, 300 28, 988
Reduced Em ssions (1000 kg) 5, 059 289 3,112
Reduced Exposure (1000 ug/m3-yrs) 3,646 819 455
Li ves Saved 0.4 10. 6 0.2
Cost - Ef f ecti veness
Enmi ssions ($/kg) 0.51 67. 9.3
Exposure ($/ug/m3-yr) 0.71 23.6 63.7
Lives saved ($1 mllion/life) 6.5 1.8 144,

Not e:

dBased on data available to EPA when standard proposed.
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em ssions are the nost attractive of the three BAT options, wth
the cost-effectiveness estimate of $1.8 nmillion per life saved
falling within the range of the published estinates.
Neverthel ess, all three BAT options would fail a conventiona
benefit-cost test based upon a value of $1 mllion per life
saved.

Note that conparing the cost-effectiveness ratios for
em ssion control provides a very msleading nmeasure of the
relative attractiveness of the three BAT standards. A kil ogram
of coke oven emssions is nuch nore costly to control than one of
either acrylonitrile or benzene. The marginal benefit of
controlling coke oven emssions is so nuch larger, however, that
coke ovens are far nore cost-effective objects of regulation
This conparison provides the nost conpelling reason for fornally
evaluating the benefits of toxic control. Wthout considering
relative carcinogenicity and relative exposure factors, it is
I npossible to target controls where they provide the greatest

health benefits.

| mproved Standards. W identified two strategies for
I nproving the cost-effectiveness of controls -- relaxing the

standard and focusing standards on plants located in nore densely
popul ated areas where exposure factors are relatively large.

Both strategies, particularly the latter, lead to significant

I nprovenents in cost-effectiveness. Table 14 shows that such
schemes reduce costs greatly with very little sacrifice in
benefits. For exanple, relaxing the maleic anhydride standard
from 97 percent to 90 percent control reduces costs to 57 percent
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Table 14. Benefits and Costs of Alternatives as Percentages
of BAT Level s

Mal ei ¢
Anhydri dea Coke Ovens Acrylonitrile

Relaxed Uniform StandardP
Benefits 94 80 62
Cost s 57 61 29

Dfferential Standard¢®¢

Benefits 96 81 60
Cost s 37 33 18
Not es:

3Based on data available to EPA when standard proposed.

Ppefined as:
mal ei ¢ anhydride: 90 percent
coke ovens: doors only
acrylonitrile: AN nononer and nitrile elastoner plants

CDefined as:
mal ei ¢ anhydride: 97 percent control for plants with exposure
factors greater than 0.6
coke ovens: doors and topside for plants wth factors greater
than 2.0
acrylonitrile: BAT controls for AN nononer and nitrile el astoner
plants with exposure factors greater than 0.2
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of the BAT level while retaining 94 percent of the benefits. The
differential standard performs even better in each of the case
studies; for maleic anhydride, focusing the BAT standard on the
four plants with the greatest exposure factors yields 96 percent
of the benefits at only 37 percent of the costs.

These nodifications to the standards reduce costs much nore
than they reduce benefits, but nost do not result in cost-
effectiveness ratios within the range of published estimtes, as
shown in Table 15. That table reports both the cost-
effectiveness ratio for each of the alternative strategies and
the incremental ratio for switching fromthat alternative to BAT
For acrylontrile, even the differential standard results in an
inplicit value per life saved of $42 nmillion. (Note that the
cost-effectiveness of the BAT standard junps to $286 million when
increnental costs and benefits are evaluated.) The benzene
alternatives yield estinates as low as $2.5 nillion per life
saved. The coke oven alternatives result in the |owest figures,
$1.4 mllion for the inmproved standard and $730,000 for the

differential standards.

Benefit-Cost Conparisons. The final step in a full benefit-

cost evaluation is to conpare the net benefits of the regulatory
alternatives, both across pollutants and across alternatives.
Table 16 provides our estimates based upon a value of $1

mllion per life saved. Perhaps the nost striking result is that
the differential standard for coke oven em ssions is the only
alternative with positive net benefits (which, of course, was

inmplied by the cost-effectiveness results). The other
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Table 15. Cost per Life Saved (in $1 nmillion) of Alternatives

to BAT for the Three Case Studies

Mal ei ¢
Anhydride® Coke Ovens Acrylonitrile
Rel axed UniformP 3.9 1.4 64. 2
i ncrenental BAT 41.6 3.7 274,
Differential®€ 2.5 0.73 42.1
i ncrenental BAT 80. 4 6.5 286.

Not es:

See corresponding notes in Table 2.14.
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alternatives result in net losses ranging from $0.6 mllion for
differential standards for maleic anhydride plants to $28.8
mllion for the BAT standards for acrylonitrile plants.

Note that the "inproved" standard for coke oven em ssions
results in a larger net [oss than the nuch |less cost-effective
BAT standard for naleic anhydride plants. This somewhat
paradoxical result sinply reflects the larger costs of the coke
oven standards. Also note that the differences in net |osses
anong the alternatives for acrylonitrile reflect alnost entirely
differences in control costs, as the benefits are trivial. The
net gain in shifting fromthe full set of BAT standards to the
rel axed uniform standard, for exanple, consists of a cost
reduction of $20.1 mllion and a benefit reduction of just
$76, 000.

The net benefit (loss) estimates in Table 16 do not
reflect optimzation of the various regulatory alternative. For
a value per life saved of $1 mllion, the optina for
acrylonitrile and for benzene em ssions from maleic anhydride
pl ants appear to be no additional controls, which would yield
zero net benefits (by definition). For coke ovens, the optinal
uni form standard is also zero additional controls. The optinal
differential standard is |less stringent than the alternative
represented in Table 16; for a value per life saved of $1
mllion, maxi mum annual net benefits of $3.7 mllion are achieved
when door and topside controls are required only for the four
coke plants with exposure factors greater than 5 ug/m3-person-

years per kilogram.l8
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Table 16. Net Benefits (mllion $/year) of Alternative Strategies

for a Value per Life Saved of $1 million

Mal ei c
Anhydri de Coke Ovens Acrylonitrile
BAT -2.2 -8.7 -28.8
Rel axed uni form -1.1 -3.2 -8.0
-0.6 2.3 -4.9

Dfferential
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Summary. These detailed results indicate that uniform
t echnol ogy- based controls will have vastly different net benefits
dependi ng upon the pollutant and the source category; the
implicit cost per life saved of BAT standards varies by nore than
a factor of 100 even within our limted sanple. Moreover, in
each of the three cases we can identify alternative standards
that would yield higher net benefits than BAT for any plausible
value of risk reduction. For two of the three cases, however,
even the nost cost-effective standards available appear to fai
any reasonabl e benefit-cost test. In the third case, coke oven
em ssions, only when the standard is relaxed and restricted to
hi gh- exposure plants does regulation appear to yield positive net
benefits for a value per life saved of $1 mllion

These conclusions nust be viewed as tentative, for we have
not yet taken account of the substantial uncertainties associated
with the estimates, particularly for the benefit estinates that
play an inportant part in our recommendations. W& now turn to an
exam nation of those uncertainties to determ ne how robust the

conclusions are likely to be.
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11, UNCERTAI NTI ES I N THE BENEFI T ESTI MATES

The benefit estimates in Chapter 2 are based primarily on
information devel oped by EPA.  Wth the exception of the value of
saving a life, we have used point estimates for each of the
rel evant parameters. Mst of the paraneter values, however, are
highly uncertain. The nost inportant and well-known of these
uncertainties concern the unit risk estimates (where the
pl ausi bl e range covers several orders of magnitude or nore), but
many of the other paraneter estimtes also are subject to
consi derabl e uncertainty and dispute.

In this chapter, we consider how these uncertainties affect
our estimates and conclusions. The key question is not whether
the estimates are precise -- for we freely concede that they are
not -- but rather how robust are our conclusions in the face of
substantial uncertainties and potential errors. Consideration of
the uncertainties and their inpacts on the conclusions also
suggests where it mght be nost profitable to devote resources to
reduce the range of uncertainty.

Qur discussion focuses in turn on each of the four steps in
benefit estimation shown in Figure 1. W begin with the
| argest uncertainty, the estimate of unit risk, and then turn to
the other three -- emssions, exposure and the valuation of risk
reduction. In each case we deal both with the generic problens
and with specific exanples that arise in the case studies. Qur
main conclusion is that while the benefit estimtes used in

Chapter 2 are very inprecise, in nost cases they appear to be
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bi ased upwards. Thus consideration of the uncertainties
reinforces our tentative conclusion that in none of the three

cases is a uniform BAT standard justified.

Unit-R sk Estinates

In each of the three cases, epidem ological evidence of
carcinogenicity provides the primary argument for listing the
substance as a hazardous air pollutant under Section 112. This
Is in contrast to nmany suspect chemcals where the only evidence
cones from experinents with |aboratory animals, usually mce or
rats. Thus, in none of the cases do we face the difficult and
controversial task of extrapolating from animals to humans
(Crouch and WIlson 1982, 64-68). Predicting |owdose risks,
however, remains highly uncertain because the epidem ol ogica
studies all involved workers exposed to far higher concentrations
of the substances than are menbers of the general population (or

even workers under current conditions).

Low Dose Extrapolation. The problem of extrapolating from

hi gh-dose data to | ow dose exposures is ubiquitous in the

regul ati on of environnental carcinogens. The central problemis
that neither epidem ological studies nor |aboratory experinents
with aninmals are capable of detecting |owlevel risks. Thus,

unl ess the chemcal is a very potent carcinogen or the type of
cancer caused is ordinarily very rare, individuals wth unusually
hi gh exposures nust be studies, or animals nmust be given doses
far beyond those ever likely to be encountered by people. A

variety of mathematical nodels has been devel oped to perform the
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necessary extrapolations. Unfortunately current theory does not
provi de unambi guous support for any one of them nor can they be
sel ected enpirically.

The "one-hit" nodel is the one nost often used. It assunes,
at |east netaphorically, that cancer can be induced by a single
"hit" of a susceptible cell by a carcinogen. Thus, the lifetine
risk is the probability of one or nore hits. At |ow exposure
levels, the predicted risk is proportional to the dose; thus, for
exanple, if the relevant dose is 1000 times |ower than that at
which the risk was measured, the estinmated risk is also 1000
times lower. Because of this property, it is often called the
“l'inear” nodel. It is difficult to tell how nuch of this nodel's
popularity is due to scientific belief in its accuracy as opposed
to a value judgenent that decision makers should be conservative
in the face of great uncertainty; nost scientists accept the
| i near nodel as providing an upper-bound estimate of the risk.l?

The other nodels comonly used all are convex at |ow doses;
as the dose is reduced, risk falls nore than proportionately.
Thus, when estinmated from the sane data, these nodels predict
smal l er | owdose risks than the linear nodel. The nost well -
known of these nonlinear nodels is the Mantel -Bryan (1961)
procedure, which is a special case of the |og-probit nodel
QG her nodels include the logit, which yields an S-shaped curve
simlar to the log-probit (but with somewhat higher risks at |ow
doses) and the multi-hit nodel, which is a generalization of the

one-hit nodel.
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All of the nodels yield simlar dose-response curves over
the ranges that can be neasured in |aboratory and epi dem ol ogi ca
studies. Wuen extrapolated to the | ow concentrations relevant to
nost EPA deci sions, however, the nodels predict radically
different risk levels. 20 |ndeed, when the extrapolation covers
two or nore orders of magnitude, as is typically the case when
occupational epidem ol ogical studies are used to predict risks
from anbient concentrations, for all practical purposes the
nonl i near nodels' estimates nmay be treated as zero because they
are so much lower than the linear nodel's predicted risks. Thus,
with rare exceptions for extrenely potent carcinogens,
regul ations to reduce exposure of the general population to
environmental carcinogens nust rest on a belief that the |inear
nodel has a nontrivial probability of being correct (or at |east
Is a good approximation of the true dose-response nodel).

From a decision anal ytic perspective, the ideal approach
woul d be to assess the probabilities that each of the nodels is
correct, and then to use those probabilities to conpute an
expect ed dose-response function. Unfortunately, we are not aware
of any attenpt to devel op such probabilities based on expert
opinion. W do feel confident, however, that an expected dose-
response function woul d be approximately linear at | ow doses, not
because we are certain that the Iinear nodel is correct, but
rat her because the other nodels predict such tiny risks that the
linear estimate would domnate so long as even a snal
probability was assigned to the linear nodel. Note also that the
unit risk factor for this expected dose-response nodel woul d not

be as large as that estimated by the linear nodel alone; it would
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be approximately the pure linear estimate tines the probability
assessed that the linear nodel is correct.

This line of argument suggests that while it is appropriate
to assume that the expected benefits of control are proportiona
to the reduction in exposure, our estimates of reduced nortality
probably are too high, perhaps by a substantial margin, because
they rely on CAG unit-risk estimates, which inplicitly assign a

probability of unity to the linear nodel's being correct.

Uncertainties in Applying the Linear Mbdel. |In addition to

di sputes about the appropriate nmodel for |ow dose extrapolation
estimates of the unit risk factors are plagued by uncertainties
about how to interpret the epidemological data. One mgjor
difficulty is that the exposure levels for the individuals in the
epi dem ol ogi cal studies often are extrenely uncertain; typically
exposures occurred over many years when few, if any, neasurenents
were nade of concentrations. Many other problens, however, also
can cloud the use of epidemological data to establish a base
from which to extrapol ate.

The controversy surrounding the CAGs risk estimate for
benzene illustrates many of these issues. The record for benzene
Is nmore conplete than that for the other substances because it is
the only one that actually has been listed by EPA and because it
was the subject of an inportant Supreme Court case regarding
OSHA's attenpt to tighten the occupational standard.

The CAG (Al bert et al, 1979) based its unit risk estinmate on
data from three epidem ol ogical studies: one of workers in two

pl ants using benzene as a solvent to nake a transparent film
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(Infante et al 1977), another of Turkish shoe workers using
benzene- based adhesives (Aksoy et al 1974 and 1976 and Aksoy
1977), and the third of workers in chemcal plants using benzene
(Ot et al 1977). In applying the |linear nodel to each of these
studies, the CAG had to make several assunptions, sone of which
have been criticized severely. The issues raised have included
the CAGs exposure estimates for all three studies, its inclusion
of the deaths of two workers not in the original cohort of the
Infante study, its failure to exclude workers exposed to ot her
hazardous chemcals in the Ot study, and its estimte of the
baseline risk in the Aksoy study (see N chols 1981, ch. 9, for a
more detailed summary of these criticisns). Two EPA anal ysts
Luken and MIler (1979), concluded that the CAG risk estimte was
too high by a factor of four. Lanm (1980), an occupationa
physician who testified for the Anerican Petroleum Institute at
hearings on the proposed standard for maleic anhydride plants,
argued that the CAG estinate should have been |ower by nore than
a factor of ten. These differences are all the nore startling
because they were based on the same studies and the same nodel as

the CAG estinate.

Noncar ci nogenic Effects. One possible source of downward

bias in our benefit estimates is that we have | ooked only at
reductions in cancer risks. Each of the substances al so has been
associated with other adverse health effects at relatively high
doses. Very high exposures to benzene or acrylonitrile rapidly
lead to death. Chronic, high-level occupational exposures to

benzene al so have been associated wth increased risks of
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aplastic anema and other serious blood disorders (U S EPA
1978). In contrast to carcinogenic effects, however, nost
scientists accept the concept of thresholds for noncarciogenic
hazards, and current environnmental exposures appear to be far
bel ow the relevant |evels

Chronosonal damage may be of potential concern at |ow doses
Al'l three substances appear to cause such damage, based on
evidence from human studies or short-term nutagenicity tests.
None of the substances, however, has been associated with birth
defects, and the data are insufficient to derive even crude dose-
response rel ationships. Mreover, the relevant EPA docunents
enphasi ze nutagenic effects as corroborating the carcinogenicity
of the three substances, rather than as seperate concerns. Thus
we do not Dbelieve that we have neglected significant health
benefits by dealing exclusively wth carcinogenic effects. W
also note that for benzene and acrylonitrile, particularly the
latter, the non-cancer benefits would have to be substantially
| arger than the cancer benefits to justify the BAT standards on

benefit-cost grounds.

Summary. Disputes about the appropriate dose-response node
and about how to interpret highly inperfect epidem ol ogical
studies nmean that it is inpossible to develop unit risk estimates
for any of the three substances that can be defended rigorously.
We do not claimto be experts in risk assessnent. |t appears,
however, that the unit-risk estimates used in Chapter 2 are
bi ased upwards, prinmarily because they are based solely on the

[ i near nodel . In addition, at least in the case of benzene, we
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have reason to believe that the CAG has followed procedures that
lead to an overestimate of the linear nodel's coefficient. The
exclusion of non-cancer benefits introduces a potential source of
bias in the opposite direction, but we do not have any evidence
to suggest it is large relative to the debate over the
carcinogenic effects. To the extent that the unit risk factors
are too high, we have overestinmated the expected benefits of all
of the strategies for all of the cases. Revising those estimates
downwards reinforces our conclusions regarding benzene and
acrylonitrile. It also reinforces our conclusion that uniform
BAT standards on all three sources of em ssions from coke oven
plants would not be cost-effective relative to |less stringent

regul ations (or none at all).

Uncertainties in Em ssions

The change in em ssions due to regulation is perhaps the
most straightforward of the calculations that produce benefit
estimates. For each plant, EPA estinmates the current (or
basel i ne) em ssions and then estimates the em ssions with
controls in place. The difference between these two estinates
yields the reduction in emssions that beconmes the input into the
nmet eor ol ogi cal nodel used to predict concentrations in the next
step of the process. Despite this apparent sinplicity, however
estimates of the reduction in emssions are far from precise.

I ndeed, as discussed below, em ssions may be the |argest source

of uncertainty in estimating the benefits of regulating coke
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plants. W discuss first the general issues and then the

particular problens associated with the coke-oven estinates.

CGeneral Uncertainties. Several uncertainties are common to

em ssion estimates for all three cases, and indeed to the vast
majority of regulations likely to be considered under Section
112. These uncertainties are particularly great, on a
proportional basis, at the level of individual plants.

The first problemis that em ssion estinates are based on a
nodel plant and then projected to actual individual sources using
a limted nunber of plant-specific factors. In the case of
benezene em ssions from mal ei ¢ anhydride plants, for exanple,
EPA's emi ssion estimtes assune that all plants achieve a 94.5
percent conversion rate, although a contractor has estimated that
conversion rates vary across plants from 97 down to 90 percent
(U.S. EPA 1980, 1-7). This range may appear small, but it is
i mportant given that the uncontrolled emssion rate from a plant
Is proportional to the difference between its conversion rate and
100 percent. Thus, a plant with a 90 percent conversion rate has
nore than three times the uncontrolled emssion rate of a plant
t hat achi eves 97 percent conversion. Simlar problens affect
pl ant-specific estimates for nitrile elastoner plants, where
conversion rates for the acrylonitrile nononmer vary from 60 to 90
percent, depending on the particular type of nitrile rubber
produced (Radian Corporation 1982, 43).

Estimates of em ssions reductions also are conplicated by
uncertainty about the effectiveness of existing controls, if any.

In all three cases, nost of the plants already have em ssion
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controls of some kind, due to state regulations, OSHA standards,
or economc self interest in recovering valuable feedstock or
byproducts. EPA has tried to ascertain the effectiveness of such
controls, but in nost cases the estimates are crude, based on

nom nal capabilities rather than actual nonitoring.

A final general problemin estinmating em ssion reductions
concerns production levels. Emssions are a function of both
em ssion rates and the |evel of capacity utilization. CQur
estimates in Chapter 2 for the acrylonitrile plants have been
adjusted for recent production |levels, but the estimates for
mal ei ¢ anhydride plants and coke ovens assune full-capacity
operation. Few plants, however, operate at full capacity, so our
benefit estimates are too high. This poses a severe problem
where control techniques are capital-intensive, because nost of
the costs are fixed while the benefits vary with production
levels. N chols (1981), for exanple, shows that the cost per
unit of benefit al nost doubles for naleic anhydride plants if
they operate at 56 percent of capacity (the average in 1977)
rather than 100 percent. W suspect that the cost-effectiveness
ratios for coke ovens would be affected nmuch |ess drastically,
however, because nost of the costs are ongoi ng nai ntenance
expenses and thus should vary with production |evels.

Even if emssion estimates are accurate at the tine they are
made, they may not provide reliable projections of the inpact of
a proposed regulation. The effects are nost dramatic in the case
of mal ei ¢ anhydride plants where, as reported in the previous
chapter, all of the uncontrolled plants identified by EPA in 1980

when the regul ati on was proposed have since closed, swtched
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feedstocks, or installed controls. In the case of coke ovens,
given the depressed state of the steel industry, it is quite
possible that additional plants mght close over the next few
years. (It is also possible, of course, though we suspect |ess
l'ikely, that as the recovery continues sonme shut-down plants may
be reopened.)

The issues discussed above contribute to the uncertainty
surrounding the em ssion estimtes, but, so far as we can tell
do not point to any clear bias in the estinmates we used in
Chapter 2. (The obvious exception is maleic anhydride plants
where we know that conditions have changed dramatically. There
however, we have taken the perspective of a regulator making a

decision at the time the standard was proposed.)

Coke Ovens. By far the largest uncertainties about
em ssions reductions arise with regard to coke ovens. EPA's
contractor presents "mninunm and "maxinum' estimates for
em ssions (both baseline and post regulation) for all three
em ssion sources. The ratios of maximumto mninmum estimtes are
11.2 for doors and 6.4 for topside |eaks. The ratios for
charging vary across plants froma high of over 650 to a |ow of
360 (calculated from U S. EPA 1983b). These w de disparities for
all three sources appear to reflect two factors. The first is
that the em ssions affected by the potential regulations are
"fugitive" emssions, rather than em ssions released from normal
process operations, so they are highly dependent on source-
specific conditions and practices. According to EPA (1981b), the

emssion rate for doors is dependent on the tine into the coking
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cycle, the gap size of the netal-to-netal seal, and the oven
tenperature and pressure. The em ssions rates for lids and

of ftakes are dependent on worker practices in applying |uting

m xtures, on pressure fluctuations in the oven, and on the gap
size of the emssion point. Charging emssion rates are a
function of the tinme of the charge, pressure fluctuations, and
gap size around the drop sleeves and the charging ports. In
addition, all of the emssion rates are affected by the type of
coal used, which can vary not only fromplant to plant but from
day to day for a particular plant.

The second inportant source of uncertainty is also related
to the fact that the emssions are fugitives. Because of the
difficulty of measuring such emssions (there is no single stack
to nonitor), the regulations being considered by EPA are stated
in terms of visible emssions, rather than as a limt on nass
em ssions. The charging standard under consideration, for
exanpl e, sets an upper bound on the nunber of seconds of visible
em ssions during the charging cycle. The agency is very
uncertain about the relationship between visible em ssions and
mass emssions (the relevant neasure for predicting benefits).

Qur estimates in Chapter 2 represent a sinple average of the
m ni num and maxi nrum estinmates for each plant. Table 17 shows
the effects on the exposure cost-effectiveness ratios of using
ei ther the mnimm or maxi mum esti mates. Wth the maxi mum
em ssion estimates, the cost-effectiveness of the BAT standard
falls from $23.6 to $12.8 per ug/m3-person-year ($1.0 mllion per
life wwth the CAG risk estimate). Note that even with the
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Table 17. Cost-Effectiveness Ratios for Aternative
Coke- Oven Em ssion Estimates

Control Options

Em ssion Estimate Al Door s Topsi de Char gi ng
Aver age 23.6 17. 8 23. 4 71.3
Maxi mum 12. 8 9.7 13.5 38.7
M ni num 146. 1009. 86.5 21, 700.
Mean (1 og nornal) 37.8 27.7 31.2 266.

Note: Al entries are in $/ug/m3-person-years.
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maxi mum estimtes, charging is not cost effective unless the

val ue of exposure reduction is at least $39 (about $3 nmillion per
life saved). The effects of substituting the m ninum em ssion
estimates are nuch nore dramatic. The cost-effectiveness of the
overal|l standard falls to $146 per ug/m3-person-year (over $11
mllion per life), and to justify even the door standard requires
a value of over $100 per unit of exposure reduction (over $8
mllion per life).

EPA' s docunentation does not assess the reliability of
either the mninum or maxi num estimates. W were unable to
elicit a "best" estimate, and thus relied on a sinple average of
the two. It is unlikely, however, that estimates with such wi de
variation follow a symetric distribution (such as the normal
distribution), and thus an average of the "high" and "I ow'
estimates is unlikely to be a good estinmate of the nean. As an
alternative, we assumed that the emssion estimtes were
distributed log normally and that the mninum and naxinum
estimates represented the 95th percentile confidence limts of
the distributions. Wth those assunptions, it is possible to
estimate the variance of the |log of em ssions for each source,
and fromthat to estimate the expected value of emssions. In
every case, the mean calculated in this manner is |ower than the
sinple average of the m ninum and maxi mum enissions. For doors,
the nean is about 67 percent of the estimate in Chapter 2.21 For
topside |eaks, the percentage is 76. For charging, where the
maxi mum mninum ratio varies across plants, the difference
between the nmean and the Chapter 2 estinmates also varies across

plants; on average the nmean is |lower by alnost a factor of 3.5.
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The last line of table 17 shows the cost-effectiveness ratios
using these alternative emssion estimates. Note that the cost-
effectiveness ratio for the BAT standard ("all") rises to over
$37 per ug/m3-person-year (alnost $3 nillion per life with the
CAG risk estimate).

Sunmmary. Uncertainties about em ssions appear to be
potentially inmportant only in the case of coke ovens. That
reflects two facts: (1) the uncertainties are nuch larger for
coke ovens than for either of the other cases and (2) the coke
oven decision is the "closest" one, with cost-effectiveness
ratios in the plausible range. Even with the maxi mum em ssion
estimates, however, it is not clear that the uniform BAT standard
yields positive net benefits.

Qur results suggest that it would be useful to try to narrow
the range of estimates of em ssions from coke ovens. This would
appear to be especially critical if the tentative decision were
to proceed with regulation, as a plausible benefit-cost case for
the BAT standard is possible only if actual emssions are in the
upper end of the estimated range. |If it is not possible to
reduce the range significantly, a better attenpt should be nmade
to assess the uncertainties and to derive a careful estimte of
t he expected val ue of em ssions reductions. As our calculations
with a log-normal distribution indicate, the nean may be
substantially lower than a sinple average of the "mnimuni and

"maxi mun' esti nmates.
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Uncertainties i n Exposure

In all three cases, as discussed in the previous chapter
the exposure factors for each plant were based on generalized
di spersion nodeling and plant-specific population data. Severa
types of uncertainty affect the accuracy of the exposure
estimates: (1) general questions about the accuracy of
di spersion nodels, in particular their reliability at substantia
distances and their ability to predict concentrations indoors,
where individuals spend nost of their tine; (2) the applicability
of general dispersion nodeling to individual plants; and (3)
di fferences between residential population densities (used to
estimate exposures) and tinme-weighted densities that account for
time spent away fromhome. W deal with each of these issues in
turn, providing exanples from the individual cases as

appropriate.

Ceneral Accuracy. Dispersion nodels for toxic air

pollutants typically are quite sinple conpared to nodels for

wat er or ground pollutants, or for air pollutants for which

at nospheric chemcal interactions and |ong-range transport are
inportant. The neteorological inputs usually include w nd speed,
direction, and turbul ence. The nodels also require inputs
specifying the characteristics of the source, such as the height
and velocity of releases. The accuracy of these dispersion
nodel s is uncertain; calibration is difficult because in many
cases it is hard to relate measured concentrations to the

I ndi vidual sources nodeled (MIller 1978). In the case of

acrylonitrile, Suta (1979) conpared dispersion nodeling estimtes
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with nonitoring data for eight plants. The nodel estinmates were
about 30 percent higher than the actual measurenments, but Suta
concluded that the fit was quite close because the nonitoring
met hod used tends to understate actual concentrations by roughly
the same margin.

The accuracy of the nodels deteriorates as the distance from
the source increases. As a result, dispersion nodeling for cases
such as these usually is not carried out beyond 30 km the
maxi mum di stance used for both coke ovens and the acrylonitrile
plants. In theory this truncation introduces a bias,
understating total exposure levels. Concentrations at greater
di stances, however, typically are very |ow

The nodeling for benzene from naleic anhydride plants was
carried out only to 20 km which raises the concern that our
conparisons across the case studies may be distorted by arbitrary
differences in the scope of the exposure assessnents. To check
for that bias, we reestimted exposures for coke ovens and
acrylonitrile using data out to only 20 km The results were
reassuring:. total reductions in exposure fell by only 9 percent
for coke ovens and by 11 percent for the acrylonitrile plants.
Thus it does not appear that the difference in distances has a
significant inpact on the relative rankings of the three case
st udi es.

Addi tional uncertainty is introduced by the fact that the
nodel s are designed to predict outdoor concentrations, but nost
peopl e spend the vast majority of their time indoors. Recent
studies of "indoor air pollution" suggest that concentrations of

pol lutants indoors may be very different than those outdoors.
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Many of these studies, however, have involved pollutants for
which there are sources indoors as well as outdoors. Theory and
monitoring data both indicate that for pollutants w thout indoor
sources, average concentrations indoors will be the same as or

| oner than those outdoors (Spengler and Sexton 1983). Thus it
appears that, to the extent that the use of outdoor
concentrations to estimte exposure |evels introduces any bias,
it is in the direction of overstating the benefits of the

regul ations.

Pl ant - Speci fi ¢ Mdel i ng. In none of the three cases were

pl ant-specific data used to cal cul ate exposure factors. The coke
oven (U.S. EPA 1981b) and maleic anhydride (U S. EPA 1980)

anal yses both used Pittsburgh neteorological data for all plants.
The acrylonitrile results are based on generalized conditions
rather than actual data from any particular area (Suta 1979).

The failure to use plant-specific data clearly increases
uncertainty about the exposure estimates for individual plants.
Exposure levels around a particular plant, for exanple, wll
depend critically on whether prevailing w nds blow toward or away
from densely populated areas. It is not clear, however, how it
affects the overall estimtes.

The evidence that we have available on this issue is limted
and m xed. In the background docunent for nal eic anhydride
plants, EPA states that "meteorological conditions that naxim ze
ground level concentrations... are common in the Pittsburgh area"
(EPA 1980, 4-11). In the supporting docunents for coke ovens,

however, the agency reports that it also tried data from Chicago
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and Birm ngham the Chicago results were roughly the same as
those for Pittsburgh, but the Birm ngham data generated
concentrations that were two to three tines higher (U S EPA
1981, app. E)

Di spersion nodelling performed for maleic anhydride plants
by the Chem cal Mnufacturers Association (CMA) suggests that
pl ant - specific paraneter values may be inportant. The CVA used a
nodel simlar to the proprietary nodel used by EPA's contractor
(The proprietary nodel reportedly is a nodified version of the
CRYSTER nodel used by CVA.) The CVA used EPA's popul ation data,
but plant-specific data on such paranmeters as stack height, exit
vel ocity, and gas tenperature. It also used the closest
avail able nmeteorlogical data for each plant (Galluzzo and
d assman 1980). The exposure factors cal cul ated fromthe CVA
results for individual plants ranged from 62 percent lower to 16
percent higher than those derived from the EPA nodeling wth
uni form paraneters. On average, the CVA results were 37 percent
| ower (N chols 1981, 333).

We renmain uncertain as to whether the use of genera
paranmeters in the dispersion nodeling introduces a systenatic
bias in the overall results. It does appear clear, however, that
greater accuracy could be achieved through the use of nore plant-
specific parameters. It would seem particularly easy to use

| ocal neteorological data.

Popul ation Patterns. The final uncertainty in the exposure

factors arises because the EPA estimates inplicitly assume that

i ndividuals spend all of their tine close to their hones; the
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popul ation data are based on place of residence. This probably
creates little problemfor children, who are likely to attend
near by schools, or for non-working adults who spend nost of their

time at home or visiting friends or stores closeby. It may,

however, create |arger inaccuracies for adults who work at sites
far away; to the extent that concentrations where they work are
different than those at hone, the exposure factors wll be
inaccurate. Individuals who Iive closer to sources than they
work will face |ower exposures, while those who work closer to
sources will experience higher than predicted exposures. W do
not have the data to estinmate the enpirical magnitude of this
uncertainty for the case studies, but believe that it is unlikely

to be significant conpared to the other sources of uncertainty.

Summary. The data available do not allow us to quantify the
uncertai nty about the exposure factors. The uncertainties are
greatest at the level of individual plants, in part because of
the failure to use plant-specific values for any parameters other
than popul ation. The overall estimtes should be nore accurate
if only because many of the plant-specific errors are likely to
cancel out each other. Unlike sone of the other steps in benefit

estimation, we cannot identify any significant sources of bias.

Reconsi deri ng the Case Studies

As the discussion in this chapter has nade cl ear, huge
uncertainties pervade estimtes of the benefits of regulating

airborne carcinogens. As a result, the figures that we presented

in Chapter 2 nust be viewed with a very strong dose of
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skepticism they may well be in error by orders of magnitude.
Despite the inmprecision of the nunerical estimtes, we believe
that the issues raised in this chapter reinforce nost of our
earlier conclusions. Mre specifically, to the extent that we
can identify significant likely biases in those estinmates, they
are in the direction of having overestimted the expected
benefits of regulation.

The conclusions are clearest for the four source categories
emtting acrylonitrile and for maleic anhydride plants emtting
benzene. For acrylonitrile, the cost-effectiveness ratios were
an order of nagnitude or nore higher than the plausible range of
values of risk reduction. Nothing in this chapter has suggested
that out estinmates are in error by that margin. (Unless, of
course, one favors one of the nonlinear dose-response nodels, but
that would cut in the other direction.)

The results in Chapter 2 for naleic anhydride plants were
substantially closer, at l|least using the data available to EPA
when it proposed the standard, though the estimted cost per life
saved was still in excess of $6 nmillion. Several factors raised
in this chapter suggest that a nore accurate estimate of the
expected cost-effectivness ratio would be substantially higher
These include: (1) the general issue of the appropriate dose-
response nodel; (2) evidence that the CAG overestimted the
linear nmodel's risk factor; and (3) a significant rise in the
cost per life saved when the estinmates are adjusted for less than
full capacity operation. The recent devel opnents summarized in

Chapter 2 -- plant closures, conversions to n-butane, and the
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installation of controls at Mnsanto -- add further weight to the
argument that the proposed regul ation would provide m nimal
benefits.

Qur results in Chapter 2 were nost ambi guous for coke ovens,
al though it appeared that a BAT standard for charging em ssions
alnost certainly would fail a benefit-cost test. The information
provided in this chapter reinforces that conclusion; even wth
t he "maxi mun' enission estimates, the charging standard fails to
yield positive net benefits for plausible values of risk
reduction.

Whet her the uni form door and topside standards generate
positive expected net benefits remains in doubt. Several issues
raised in this chapter, however, tend to argue against those
standards: (1) the likelihood that the pure linear node
overestimates the expected risk; (2) the exanples suggesting that
it is difficult to justify placing a value on risk reduction much
in excess of $I mllion per expected |ife saved; and (3) the
asymretry in uncertainty about em ssions, with some basis for
believing that the expected |evels of emnmissions reductions are
| oner than those we used in Chapter 2 based on a sinple average
of the maxi mum and m ni mum esti mates.

These sane issues raise questions about whether even
differential standards limted to hi gh-exposure coke plants are
likely to yield positive net benefits, though it is clear that
they are nore efficient than the uniform standards. Although
many of the uncertainties are unlikely to be resolved, it should
be possible to inprove the estimtes of em ssions reductions and

exposure factors. Note that if a differential strategy were to
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be followed, it would not be necessary to investigate these
issues for all coke plants, but rather only for those that are

| ocated in areas with relatively dense popul ations.

Uncertainties in Valuing R sk Reduction

Most popular criticisnms of the application of benefit-cost
analysis to regulations designed to reduce risk focus on the
difficulty of assigning a "value to life." In contrast to the
ot her uncertainties we have discussed, the problem of val uing
risk reduction is not one of "science." Utimately the tradeoff
between greater protection and higher costs nmust be made by
responsi ble public officials, although studies by econom sts and
others can help inform the debate.

The enpirical studies of willingness to pay for risk
reduction cited in Chapter 2 cover a w de range, roughly an order
of magni tude, from several hundred thousand to several mllion

dollars per life saved. As discussed in that chapter, however,
even that wide range is sufficient to reject the BAT standards
for maleic anhydride plants and for all four types of plants that
emt acrylonitrile. It is also sufficient to indicate cost-
beneficial nodifications of the coke-oven regulations, though not
preci se enough to determne if nmore limted regulations of coke
ovens are justified. Thus it appears that uncertainty about the
value of risk reduction does not pose the insurmountable obstacle

to benefit-cost analysis that nany have clai med.
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Narrow ng the Range. Sone exanples may nmake it easier for

many readers to narrow the range. The first exanple is due to
Bail ey (1980) who considers a hypothetical program that |owers
the annual risk of death by 0.0005 (roughly the decline in US
death rates from 1970 to 1975). He asks how nuch a famly of

four with an incone of $18,500 (about the nedian in 1978, the
year for which he made his estimates) would be willing to pay for
such a program which "saves" 4(0.0005) = 0.002 |ives per year
for the famly. Using Bailey's internmediate estimte of $360, 000
per life, the famly would be willing to spend up to $720, about
4 percent of its income. |If the value per life saved is L = $1
million, it would be willing to spend $2000, roughly 11 percent
of its income. Both estinmates strike us as plausible. |If the
value per life saved is $2 mllion, however, the famly would be
willing to spend $4000 per year; we find it difficult to believe
that many famlies would be willing to sacrifice over one-fifth
of their income to face the death rates of 1975 rather than those
that prevailed in 1970. |If we use the very high end of the
range, with L = $5 mllion,the famly's willingness to pay rises
to $10,000, over half its income.

Consi der anot her exanple, a hypothetical new autonobile
technol ogy that cuts in half the risk of a fatal accident. (To
keep matters sinple, we nake the unrealistic assunption that it
has no inpact on nonfatal injuries; including nonfatal injuries
woul d increase willingness to pay.) As there are roughly 50,000
aut onobil e-related fatalities each year, such a technol ogy woul d

save 25,000 lives annually. If we value each life saved at L, we
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should be willing to spend up to 25,000L annually to use this
technology; e.g., if L =%1 mllionit is worth $25 billion, and
if L =%$3 mllion we should be willing to spend up to $75 billion
per year as a nation. These costs may be easier to grasp if we
convert themto a cost per new car; with roughly 10 mllion new
cars sold each year, L = $1 mllion inplies that an individua
woul d be willing to pay up to $2,500 extra to buy a car with this
technol ogy. W suspect that some readers would accept this
option, though many would not. The inplications of higher

val ues, however, are much less plausible; if L = $3 mllion, for
exanpl e, new car buyers should be willing to pay up to $7,500
extra to purchase an automobile with these safety features.

Some readers nmay object to this exanple on the grounds that
whi | e autonobiles represent a voluntary risk (at least for the
owner), where the same person bears the costs and the risks,
environmental carcinogens inpose involuntary, concentrated risks
on relatively small groups of individuals, and thus society
should be willing to spend nuch nore to control them W shall
not attenpt to deal with this argument in detail, but at |east
three factors suggest that it is less conpelling than it may
appear at first. (1) The levels of risk inposed by airborne
carci nogens, even for nearby residents, typically are very snall
relative to many other risks that individuals run routinely; we
are not dealing with cases where identified individuals face
unconsci onabl y hi gh ri sks.22 (2) Although the risks associ ated
with particular types of sources (such as maleic anhydride
plants) often are borne by relatively small nunbers of people,

the overall risk from environnental hazards is distributed nmuch
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nore evenly. Myst exposure to benzene, for exanple, is caused by
aut onobil es and service stations (Mara and Lee 1978). (3)

Regul ations inmpose involuntary costs at the same time they reduce
involuntary risks. Few of these costs are borne by the owners of
the firms regulated; nost are passed on to consuners of a wde
range of products. For exanple, the cost of controlling coke
oven em ssions would affect the price of steel and hence the
prices of goods that have steel conponents. The cost of
controlling acrylonitrile would affect, among other items, the
prices of many types of clothing. As a result, overall there is
trenendous overlap between those who pay for tighter

environnental controls and those who benefit from them

Years of Life and Discounting. Two factors suggest that we

mght wish to ascribe a lower value to "lives saved" through the
regul ation of environmental carcinogens. The first is that
cancer is disproportionately a disease of the elderly, so that
each life "saved" represents relatively few additional years of
life. The death rate for nyel ogenous | eukem a (the type nost
strongly associated with exposure to benzene), for exanple, is 26
times higher anong people 70 to 74 than anong children aged 1 to
5 (Albert et al 1979, table 1). Thus in evaluating regulations
to control carcinogens, we mght wsh to use a |ower value per
life saved than in analyzing other programs, such as hi ghway

safety, that prevent the deaths of a nore representative cross-
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section of the population. W would, in general, prefer to
summarize prograns in terms of years of life saved.23
Unfortunately we do not have the data in these three cases to do
that.

The second factor is that there is likely to be a
substantial delay between when expenditures are nade to control
carci nogens and when the benefits of reduced risk are reaped.
This sinply reflects the well-known |ags between exposure to
carci nogens and the onset of disease. I n benefit-cost anal yses,
the standard procedure is to discount the streans of benefits and
costs to reflect the opportunity cost of the funds enployed and
tinme preferences. Opinion in the economcs profession is split
as to whether discounting should be applied to health benefits,
such as years of life saved. Mbst theoretical discussions
conclude that discounting is appropriate (e.g., see Raiffa,
Schwartz, and Winstein 1977), but common practice is to ignore
the timng issue, thus inplicitly not discounting. (See Page,
Harris, and Bruser 1979 for a defense of applying a zero discount
rate to risk reductions.)

The inpact of discounting is to reduce the relative val ue of
saving lives through control of environmental carcinogens because
the substantial lag tinmes between exposure and the onset of
cancer nean that the benefits of reducing exposure are reaped
many years after the costs are incurred. W do not have the data
to estimate these lags for the case studies, but we believe that
they are likely to be large, on the order of a decade or nore.

If these lags were included, and discounting were applied, the

value per life saved would be reduced significantly conpared to
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prograns that have a nore immediate inpact on fatalities, such as

inproved fire protection

Summary. The valuation of risk reduction remains uncertain
and highly contentious, with little prospect for agreenent on any
particular dollar value for saving a life. The problemis at
| east as much one of ethics and politics as it is one of science
and the interpretation of enpirical evidence. W cannot avoid
maki ng tradeoffs between protection and costs, however, whether
we do it explicitly or inplicitly. Qur results are encouraging
in that they suggest that precision may not be very inportant,
that many decisions are correct over w de ranges of val ues.
Moreover it appears possible to narrow the range presented in
Chapter 2, in particular to reduce the high end. Based on the
enpirical evidence and the kinds of exanples presented above, we
find it difficult to justify values nuch in excess of $1 mllion
per |ife saved, particularly for airborne carcinogens where there
Is likely to be a substantial delay before the benefits are

reaped and the lives saved are likely to be relatively short.
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V. CONCLUSI ONS

Qur three case studies illustrate many of the problenms and
uncertainties involved in estimating the benefits of
environmental regulation. They also suggest, however, that while
benefit-cost analyses of such regul ations never can be very
precise, quantitative assessments of benefits can provide
invaluable information to regulators interested in inproving the
efficient use of society's resources. In this chapter we
summari ze sone of the lessons fromthe case studies, first with
regard to Section 112 of the Clean Air Act and then with respect
to the nore general use of benefit-cost analysis to evaluate

strategies for regulating health-threatening pollutants.

Section 112
In dealing with “hazardous air pollutants” covered by

Section 112 of the Cean Ar Act, EPA has followed a technol ogy-
based strategy that inplicitly treats airborne carcinogens as a
honogeneous class, with controls to be set at the BAT level. The
“generic" policy proposed in 1979 would have fornmalized this
approach in an attenpt to speed up and routinize the process of
listing and regul ating such substances. Mre recently, as

di scussed in Chapter 1, sonme nenbers of Congress have proposed
forcing EPA to speed up the regulation of Section 112 pollutants,
possi bly by giving the agency a deadline for making decisions on
a list of 37 substances. Qur case studies, however, indicate

that airborne carcinogens are a very heterogeneous class, wth

431



w de variations in benefits (and costs) across substances and
source categories. The cases also suggest that the health threat
posed by such substances nmay be relatively nodest, so that swft

action is not essential to protect public health.

Het erogeneity. Even in our small sanple of three

substances, the benefits of controlling em ssions vary enornously
because of differences in carcinogenic potencies and i n exposure
patterns. The estimates in Chapter 2, for exanple, suggest that
each kil ogram of coke oven em ssions causes, on average, about
500 times as much risk as a kilogram of acrylonitrile or a

ki | ogram of benzene emtted from a naleic anhydride plant.

Tradi tional regulatory anal yses that focus on the affordability
of controls or costs per unit of emssions controlled would mss
these critical differences.

Largely as a result of differences in benefits, the cost per
unit of risk reduction also varies greatly across the three
cases, differing by nore than a factor of 100 between coke plants
and the | east cost-effective acrylonitrile category. These wi de
variations suggest that a policy of applying BAT standards to al
sources emtting airborne carcinogens wll be far from cost
effective, inposing higher than necessary costs to achieve any
given level of overall risk reduction. Individual substances and
source categories need to be considered on their own nerits,

t aking account of potencies and exposure levels as well as

technol ogy and affordability.

432



Mbdest Benefits From Control. A sense of urgency about the

need to control airborne carcinogens is understandable in |ight
of the kinds of facts nost readily available. Recall the
information presented in Chapter 1, prior to our detailed

exam nation of the benefits of control. In both the benzene and
acrylonitrile cases, we were confronted with relatively snall
numbers of sources emtting mllions of kilogranms of proven human
carci nogens each year. The controls being considered were
emnently affordable, with their costs estimated at |ess than 2
percent of total sales. Upon detailed exam nation, however, it
becanme clear that the likely health benefits of the regulations
woul d be very snmall, less than one cancer avoided per year for
the acrylonitrile and mal ei ¢ anhydride regul ati ons conbined. The
result is particularly striking for acrylonitrile, where our
estimate is that BAT controls on four source categories woul d
save about one life every five years. Moreover, for the reasons
di scussed in Chapter 3, we have reason to believe that these
estinmates are biased upwards, that the actual benefits probably
woul d be even smaller. The coke oven standards m ght provide
substantially larger benefits -- perhaps ten fewer cancer deaths
per year -- but even there the gain in public health seens rather
nodest for standards that apply to a mgjor industry on a nation-
wi de basis.

An inportant reason for the nodest benefits in all three
cases is that many sources already have taken action to reduce
emssions. In part these existing controls reflect the firns'
own economc interests; benzene and acrylonitrile are valuable

substances in their own right and coke oven em ssions produce
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sal abl e byproducts. In nmany cases em ssions are subject to
control under state regulations or, in the case of coke ovens,
OSHA rul es designed to protect workers. As a result of these
factors, and others, the incremental benefits of regulation under
Section 112 are nodest. W cannot be sure, of course, that al
Section 112 regulations would yield simlarly small benefits.
The case studies, however, cast doubt on the proposition that
control of airborne carcinogens is likely to |lead to major
reductions in the nation's cancer burden. The fact that our
cases represent substances assigned relatively high priority by
EPA, as indicated by the commtnent of substantial agency

resources to devel oping standards, reinforces this skepticism

The Rol e of Benefit-Cost Analysis

As we noted at the outset of this report, many observers
believe that massive uncertainties in estimating benefits render
benefit-cost analysis an inpractical tool for eval uating
environmental regulations. Faced with uncertainties in the risk
estimates that span orders of magnitude and the inability to
secure agreement as to how to value risk reductions, such critics
argue, it is foolish to waste time and resources attenpting to
perform quantitative analyses. Qur results, however, suggest
sone nore positive concl usions:

1. Despite the great uncertainties, it may be possible in

many cases to determne with reasonabl e assurance
whet her proposed regulations yield positive net

benefits.
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2. Detai |l ed anal yses of benefits and costs can indicate
ways in which regulations can be nodified to increase
the return on resources devoted to environnmenta
protection.

3. Useful, albeit crude, analyses can be perforned
relatively cheaply and quickly using data already
gat hered by EPA

W el aborate on each of these points bel ow

Eval uati ng Proposed Regulations. As we discussed in

Chapter 3, many of the components in benefit estinmation are

hi ghly uncertain. Because the final estimate typically is a

mul tiplicative function of these individual conponents, the
overall level of uncertainty is extrenely high. Nevertheless,
robust conclusions often can be drawn. Mst of our findings in
Chapter 2, for exanple, do not depend on whether one accepts the
| i near dose-response nodel or a |ess conservative alternative, or
on whet her one believes the appropriate value per life saved is
$250,000 or $5 million. W make no claimthat existing nmethods
of quantitative assessnent can yield clear answers in all, or
even nost, cases. They can, however, help regulators avoid

I nposi ng sone regul ations for which the benefits are far smaller
than the costs. Benefit-cost anal yses also can identify

regul ations that clearly provide positive net benefits, though
such conclusions nmay be difficult to draw with great confidence
given the number of scientists who believe that dose-response

functions exhibit thresholds or are nonlinear.
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I mproving Regul ations. Mst discussions of benefit-cost

analysis focus on its role as a "test" for proposed regul ati ons.
W believe that it is likely to be even nore useful as a tool in
designing regulations. In all three cases we were able to find
| ess stringent controls that yielded nost of the benefits of the
BAT standards at far |ower cost. Although it was not clear that
any of these nodified uniform standards would yield positive net
benefits, it was clear that they were nore efficient than the
original BAT standards. Presumably if benefit-cost principles
were applied earlier in the regulatory process and used to guide
the selection of control options for detailed analysis, |arger
gains could be reaped.

The case studies also indicated that efficiency could be
i ncreased even nore by exploiting differences across sources in
the marginal benefits of control. These differences arise
primarily because of differences in population densities around
plants; the public health benefits of controlling em ssions are
far larger in cities than in lightly populated rural areas. In
all three cases, restricting standards to areas where the
mar gi nal benefits of control are relatively high led to

I mpressive efficiency gains over uniform standards.

Informati on Requirenents and Delay. An inportant

characteristics for any analytic technique designed to aid in
decision making is that it not require data that are unduly
expensive or time consumng to obtain. Analysis is not free; it
consunes scarce resources that could be used for other purposes

and may cause delays in the regulatory process. W believe,
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however, that a great deal can be done with information that is
already collected by EPA. It is inportant to reenphasize that
our analyses of the three case studies are all based on EPA data.
Virtually all of the data were drawn from published docunents or
fromcontractors' reports. The two exceptions were the cost data
for coke ovens, where we obtained an updated conputer printout
from EPA's contractor, and the exposure estinmates for
acrylonitrile, which we obtained from another EPA contractor
Thus, performng the kinds of analyses presented here should not
significantly increase either the costs or the delays of the
regul atory process itself.

W see several areas where additional or inproved
information mght prove very cost effective. The first, as
al ready discussed, would be cost and em ssion-reduction estinmates
for a wider range of control options. A sequential strategy
probably would be appropriate, with crude and sinple anal yses of
several options followed by nore detailed exam nations of the
nost promsing ones. W suspect that contractors already collect
much of the necessary infornmation, but often the reports do not
break down the costs and benefits of individual control
conponents.

The second area where information m ght be inproved at
relatively low cost is the exposure estimates. The use of nore
pl ant-specific data (especially local neteorological data) should
Increase the accuracy of benefit estimates at relatively |ow
cost. This would be especially useful if the agency were to
adopt a strategy of varying standards in response to differences

across plants in benefit |evels.
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The final area is techniques for estimating unit-risk
factors. This is a generic problemof great magnitude, one that
is unlikely to be resolved in the forseeable future; we do not
have any illusions that scientists will agree on the "best" node
to use for |lowdose extrapolation or on how aninal data should be
used to estimate human risk. W think it inportant, however, to
devel op techniques for estimating the expected level of risk as
wel | as "high" estimtes based on conservative assunption. Such
an effort would have to include eliciting from scientific experts
the subjective probabilities they assign to the correctness of
alternative assunptions and nodels.

Refining information in the areas outlined above would
I nprove the accuracy of benefit-cost analyses. W stress again,
however, that it is likely that decisions often can be made wth
exi sting data. Indeed we believe that adoption of benefit-cost
principles mght reduce the anount of information required in
many cases. Current efforts, for exanple, typically include
studies of the "economc inpact" of regulations, attenpting to
predict their effects on plant closings, product prices, and the
like. Froma benefit-cost perspective, however, such inpacts are
of second-order inportance relative to the direct benefits and
costs of control. Application of benefit-cost principles in
al l ocating agency resources also may reduce the costs of analysis
by leading to the curtailnent of the regulatory process before
| arge expenses have been incurred to gather data. The
acrylonitrile case provides an excellent exanple; we suspect that

some crude analysis earlier in the regulatory process -- based on
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the unit-risk factor, existing levels of control, and average
exposure factors -- could have indicated the mninmal potential
benefits involved, thus elimnating the need for detailed

anal yses of control technologies and costs. Oten it is much
easier at early stages to make rough estimates of the benefits

than to predict what the costs of regulation will be.

Summary

Pleas for the use of benefit-cost analysis in environnenta
deci si on-maki ng are commonpl ace. Existing statutes do not
require that such anal yses be perfornmed, however, and indeed nost
have been interpreted as forbidding EPA fromrelying on benefit-
cost criteria. The contribution of this report is to illustrate
in three detailed case studies precisely how benefits assessnent
m ght be enployed to evaluate individual regulations, to identify
promsing alternatives, and to evaluate the robustness of
regul atory choices to uncertainties. Although our case studies
relate to a particular statute regulating airborne hazards, we
believe that the conclusions regarding the useful ness of benefit-
cost principles apply nore generally.

It is inportant, however, to put the advantages of benefit-
cost principles in perspective. A benefit-cost analysis of an
environnental programis not a substitute for good science or
good judgnent. To the contrary, explicit estimation of the
health risks at stake and of the ability of controls to reduce
those risks provides a context for incorporating both science and
judgnment into regulatory decisions. Cruder rules based upon

evi dence of carcinogenicity or technological feasibility of
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control hide the real choices involved in regulating health-
threateni ng substances, and ultinately are likely to reduce the

protection that regulations provide.
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NOTES

See N chols (1981 and forthcom ng) for an exam nation of how
cost-based and benefit-based reforns nay be conbined. Hi s
analysis, which is primarily theoretical, also includes a
case study of benzene and a discussion of how "exposure
charges” could be applied to Section 112 pollutants.

Doni ger (1978) and Currie (1980) provide useful overviews of
the inplenentation of Section 112.

The benzene case study is based on N chols (1981). In this
paper, however, for consistency with the other case studies,
costs have been updated from 1979 to 1982 dollars (using the
implici§ GNP price deflator) and exposure data are reported
i n ug/m”-person-years rather than ppb-person-years.

See Haigh (1982) for nore detailed discussions of the coking
process and of the health-effects data. The nunerica
results in this report, however, are not conparable to those
in Haigh, as they are based on nore recent EPA data.

W have been unable to obtain a detailed breakdown of the
status of individual plants. Phillip Cooley of Research
Triangle Institute, the primary EPA contractor for the coke
oven anal yses, however, has told us that the cost data they
supplied had positive entries only for plants that are
expected to require controls if standards are pronul gated

The acrylonitrile control costs were estinmated using data
from several sources. See chapter 2, in particular the
notes for table 2.11.

Sal es of naleic anhydride were $142 mllion in 1979
(calculated from U S. EPA 1980 and Chenical and Engi neering
News, June 13, 1983). Sales of coke were $4.9 billion in
1980 (cal culated from Bingham et al. 1982). Sal es of the
four acrylonitrile categories were $1.3 billion in 1979
(Energy and Environmental Analysis 1981); estimated contro
costs in 1979 dollars are less than 2 percent of that sales
| evel .

E.O Oder 12291 lists several criteria for defining a

“maj or" rule: (1) an annual effect on the econony of nore
than $100 mllion; (2) "major" increases in prices; or (3)

"significant" adverse effects on conpetition, enployment,

i nvestnent, productivity, or innovation (Environnmental Law
Reporter 1981, 10044).
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10.

11.

12.

13.

14.

15.

16.

17.

18.

Schel ling (1968) ?enerally is credited with being the first
to argue that willingness to pay for risk reduction is the
appropriate conceptual approach to valuing "life saving."

The technical ternms for these two neasures are "conpensating
variation" (CV) and "equivalent variation" (EV). In
general, when discussing risk reductions, EV (how much an
I'ndi vidual would have to receive to be willing to accept in
lieu of the risk reduction) will exceed CV because of 1ncone
effects. For snall changes in risk, however, the
differences between the two nmeasures will be negligible.

The primary source of data for this case study is U S EPA
(1980) . For additional sources, see N chols (1981).

The primary sources of data for the coke-oven case study are
U S. EPA (198la, 1981b, 1982, and 1983b). dated
%oggg;ance costs provided by Research Triangle Institute

1 :

Thjf niniﬂun}cost al l ocation could be achieved by levying a
uni form charge on exposure (not emssions) or a system of
plant-specific em ssion charges that vaaried in proportion
to exposure factors. See N chols (forthcomng) for a

di scussi on of exposure charges and applications to benzene
em ssions from maleic anhydride plants.

The data for the acrylonitrile case study were assenbl ed
fromseveral sources, including dick and More (1979), Key
and Hobbs (1980), Ener%y and Environmental Analysis (1981),
Radi an Corporation (1982), A bert et al. (1982), and Suta
(1979, 1982a, and 1982b).

The estimated reductiog in emssions from controlling those
plants is 312,000 ug/m°-person-years, While the estimte
cost is $8.4 mllion.

0
d

The estimated reduction in exposure fromecontrolling that
plant is 98,000 ug/m°-person-years, While the estinmted cost
s $0.8 mllion.

The estimated reduction in emssions from controlling door

| eaks at that plant is 20,700 kg. Wth an esti mated
exposure factor of 6.1, ghat translates to a reduction. in
exposure of 126,000 ug/m?-person-years. Applying the CAG
risk factor of 1.3 x 16~ inplies that 1.6 |ives woul d be
saved, as conpared to 0.6 for the naleic anhydride and
acrylonitrile BAT standards combined. The estimated contro
cost for that one coke plant is $184,500, as conpared to
over $31 mllion for the maleic anhydride and acrylonitrile
standar ds.

The estimted cost for those four plants is $1.0 mllion per
yearsmhlle the estinmated reduction in exposure is 363,000
ug/m°-person-years.
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19.

20.

21.

22.

23.

In its prelimnary report on benzene, for exanple, the CAG
said that the linear nodel" is expected to give an upper
limt to the estinmated risk" (Al bert et al. 1977, 1).

Ni chol s (1981, ch. 9) provides equations for the various
model s and an exanple of their wdely different predictions
at | ow doses when estinmated from the same high-dose data.

Suppose the reduction in emssions, X, isS distriputed | 0gQ-
nornal Iy, where 1n(X) has mean m and variance s<. The upper
and |lower 95 percent confidence limts then will be
exp(mt2s) and exp(m 2s), respectively. |In chapter 2, we
used a sinple average of these two extrenes, 0.5[exp(m2s) +
exp(mt2s)]. |If emssions are distributed [og nornally,
however, the nean is exp(m+s2/2). The ratio of the nean to
the average of the two [imts is then 2exp(s2/2)/[exp(2s) +
exp(-2s)1. _To calculate this ratio, we need to estimate s
(or s4). This can be done using the ratio of the upper and

| ower confidence limts, R R = exp(n%Zs)/exp(n}ng =

exp (4s). Thus, s = In(R/4. For exanple, if R=11.2 (the
ratio of the maximumto mninum for doors), s = 1n(11l.2)/4 =
0.604. The ratio of the mean to the average of the limts
bs6égen 2exp(0.6044/2)/(exp[2(0.604)] + exp[-2(0.604)]) =

For exanple, EPA estimates that the annual risk of |eukema
for the maxi num exposed individual residing near an
uncontrol I ed nmodel mal ei c anhydri de plant ig .0.038 per_ _
10,000 (U.S. EPA 1980, app. E), or 3.8 x107°, This risk is
| ess than 1 percent of the average annual risk of dying in a
motor vehicle accident (WIson and Crouch 1982, 176).

Zeckhauser and Shepard (1976) argue that nortality benefits
shoul d be summarized in terns of the discounted nunber of
"Quality Adjusted Life Years" (QALYs) save. Their QALY
measure adjusts for reductions In the quality of life due,
for exanple, to disability.
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PART 7
BENEFI T- BASED FLEXI BI LI TY I N ENVI RONVENTAL REGULATI ON

David Harrison, Jr.
Al bert L. N chols

| NTRODUCTI ON

Environmental regulation in the United States relies heavily
on em ssion standards that are uniformfor all emtters in broad
industry classes. These uniformstandards were the result of a
series of |laws passed in the early 1970's, nost notably the d ean
Air Act and the Cean Water Act, which required the Environnenta
Protection Agency (EPA) to set uniform standards for an industry
based upon technical feasibility and the ability of the industry
to afford controls. 1 Such rigidity was needed, it was argued, to
show the nation's conmtnent to environnental goals at a nationa
level, to prevent the EPA fromusing its discretion to water down
the commtnment, and to streamine the process of setting
environnmental controls.

The new wave of environnental |aws has had its share of
critics, nost of whom have focused on its cost. Mny have
pointed to the sheer size of the program The air and water
standards al one are projected to cost nore than $700 billion over

t he decade from 1979 through 1988? Econom sts and ot her
efficiency-mnded critics have enphasized the excessive cost of

ignoring differences across sources in the costs of controlling

em ssions, arguing that overall costs could be reduced with no
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sacrifice in environmental quality if regulations were nore
flexible, inmposing nore stringent controls on |ow cost sources
and nore lenient limts on high-cost sources. The favorite
prescription of economsts is emssion charges or other
i ncentive-based nechanisms (such as marketable permts) that
automatically allocate control efforts in accordance wth
mar gi nal costs.3

The |ong-standing arguments for cost-based flexibility are
begi nning to have sone inpact on policy. A though no full-
fl edged econom c incentive schemes have been inplenented, in the
past few years the EPA has begun to introduce sone cost-based
flexibility in its regulations, primarily through limted
versions of the marketable permts approach, such as the "bubble"
policy, emssion offsets in non-attainnent areas, and "banking"
(del Calvo, 1981). In at |east one case (chloroflourocarbons),
EPA is considering a relatively "pure" system of marketable
permts (Rabin, 1981). These nodifications may yield significant
gains in efficiency.

Di scussions of regulatory reform however, at both the
theoretical and practical |evels, generally have ignored another
potential source of major gains in efficiency: benefit-based
flexibility. Sources differ not only in the costs of controlling
em ssions, but also in the damages their enissions cause. The
l'ink between em ssions and damages often varies w dely across
both time and space. The health risk caused by the em ssion of a
toxi c substance from a chemcal plant, for exanple, varies
dramatical ly depending on whether the plant is located in a

densely populated city or in a lightly populated rural area. The
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damages caused by em ssions froma given site may also vary
across tine, depending on neteorological conditions and other
factors. A regulatory strategy that exploits this diversity --
by requiring stringent controls where benefits are high and

rel axing controls where benefits are low -- could yield
significant gains over the uniform regulations that now dom nate
environnental regul ation.

Thi s paper evaluates the case for incorporating benefit-
based flexibility into environnental regulation. Although the
concept is quite general, for ease of exposition nost of our
anal ysis focuses on health-threatening pollutants and on varying
st andards geographically. W first lay out the theoretical
rationale for benefit-based flexibility and then review the
enpirical evidence on the magnitudes of potential gains. To
counter the potential criticismthat the concept is fine in
t heory but unworkable in practice, in section IlIl we lay out a
sinple strategy for devel oping benefit-based standards that could
be incorporated easily into the EPA' s standard-setting process
This system nakes several sinplifying assunptions, and in Section
IV we discuss the najor theoretical issues that mght conprom se
the efficiency of our sinple system Next, we consider sone of
the distributional concerns surrounding a nove to benefit-based
flexibility. In Section VI we discuss how benefit-based and
cost-based flexibility can be conbined. The final section

presents our concl usions.
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. THE THEORETI CAL CASE

Benefit-based flexibility pronotes efficient environnent
protection in tw ways. First, varying control requirenents
concentrates emssion control efforts where narginal benefits are
greatest. Second, differential controls provide incentives for
firme to select |owdanmage sites for polluting activities. Both
effects lower the cost of reducing danmages, although their
relative inportance wll depend upon the nature of the industry
being regulated. This section illustrates these two rational es
for benefit-based flexibility with a sinple theoretical nodel
The nodel both nakes the case for such flexibility nore rigorous
and provides a convenient reference point when we consider sone

of the potential conplications of our specific proposal

Dfferential Control

The role for benefit-based differential em ssion controls is
shown easily with the aide of the follow ng model . 4 Suppose t hat
there are n sources, each emtting the sane hazardous poll utant.
The cost of reducing emssions at the ith plant is Cj(rj), where

r; Is the reduction achieved. W make the usual assunptions that

1
mar gi nal control costs are positive (¢{>0) and increasing (C{'>0)
at each source. Note that the costs of control may vary across
sources. The benefits of control also nay vary. In particular,

l et E; be the amobunt of exposure caused by a unit of enissions
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fromthe ith plant, where E; is a function of the popul ation
density and neteorol ogical conditions around the plant. Reducing
em ssions by r; at the ith source thus reduces exposure by «rjE;.

For sinplicity, we assune that the benefit from control is
proportional to the reduction in total exposure. (This is
consistent with a linear dose-response nodel, which is widely
assuned for carcinogens. |In Section IV we consider how a

nonl i near damage function affects our results.) The net benefit

of reducing emssions fromall sources is given by:

n n
N=VXI rjB;j - I Ci(rj) (1)
i=1 i=1 .

where V is the shadow price on exposure. (Mre specifically, V

is the risk per unit of exposure times the dollar value placed on
reducing risk.) Differentiating with respect to each r; and
setting the results equal to zero yields the first-order

optimality conditions:
Ci(rj) = VE4 for i=1,...,n. (2)

Equation (2) states the famliar result that the marginal cost of
reduci ng em ssions at each source should be equal to the margina
benefit. But this formulation makes the Iimtations of cost-
based flexibility clear; if the exposure factors (E;) vary across
sources, it will not be optimal to equate marginal em ssion
control costs (Cy(r;)),,as would happen with a uniform en ssion

charge or a nmarketable em ssion permt system
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Consi der a sinple example. Two plants, A and B, are
identical in every respect (including emssion control costs),
except that plant Ais located in New York Gty, while Bis

located in a renote rural area. As a consequence, A'sS exposure

factor is 100 times that of B. A uniform em ssion standard is

i nposed on both plants. Because both plants face the sane costs,
by assunption, the principles of cost-based flexibility are not
violated. No reallocation of control efforts could reduce costs
wi t hout al so increasing em ssions. The outcone, however, clearly
Is not cost-effective in terns of the appropriate nmeasure of
benefits, reduced damages, for while the margi nal costs of
controlling emssions are the sane, the marginal cost of
controlling damages is 100 tinmes higher at B than A That is,
shifting $1 in control expenditures fromB to A would have no
effect on em ssions, but would reduce damages.

Figure 1 illustrates the exanple. The nargi nal benefits of
controlling emssions at the two plants are shown, respectively,
by the curves |abeled MBp and MBg. The narginal cost of contro
is shown by the curve MC. The optinal uniform standard is: rg,
the point at which MC intersects MB,, the average of the two
i ndi vidual plants' marginal benefit curves. Wth benefit-based
flexibility, however, net benefits can be increased by tightening
the standard at Ato rz,and | oosening it to r; at B. The

increase in net benefits is equal to the sum of the tw shaded

ar eas.
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The gain in efficiency and the optinal degree of
differentiation under benefit-based flexibility depend on a
variety of factors. Such flexibility obviously is nore inportant
if the differences in marginal benefits are large. It is less
inportant if marginal costs vary sharply as emssion |evels
change; in that case the optiml degree of control wll not
differ significantly across plants, as Figure 2 illustrates. The
mar gi nal benefit curves are identical to those in Figure 1, but
the marginal cost curve is nuch steeper. As a result, the
optimal benefit-based standards at the two plants are alnost the
same, and the net gains due to benefit-based flexibility are
smaller than in the previous figure 2

This exanple ignores one potentially serious conplication
We have assuned that the two sources have the same control cost
schedules. As a result, tighter controls are inposed on the
source with the higher exposure factor. In sonme cases, however
exposure factors and costs may be positively correlated, wth
hi gh- exposure sources al so having high control costs. |If this
effect is strong enough, it may be optimal to inpose |ess
stringent controls on the high-exposure (high-cost) sources.

Al t hough we suspect that such cases are rare, we discuss ways of

dealing with themin Section IV.

Locati on Incentives

Qur sinple nodel assunes that source |ocations are fixed, so
that the gains under benefit-based flexibility are due solely to
differential control |evels. When that assunption is relaxed

siting beconmes a potential tool for reducing damages. In our
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hypot hetical case, for exanple, nmoving plant A to plant B's site
woul d generate the same benefits as 99 percent control of A's

em ssions Benefit-based flexibility, by inposing nore stringent
requi renents on sources at high-danage sites, encourages firnms to
| ocate noxious facilities farther from heavily popul ated areas.
In contrast, under uniform em ssion standards (or em ssion
charges), firms have no incentive to consider damages in their
siting decisions.

The incentive that differential standards provide for |ow
damage siting is illustrated in Figure 3. As before, MCis the
marginal cost of controlling emssions and MB, and MBg are the
mar gi nal benefits of em ssion control at two sites. The maxi num
| evel of em ssion control (zero emssions) is ry. Under a
benefit-based strategy, standards would be set at rp for a plant
at site Aand at rg for a plant at site B. Myving the plant from
site Ato site B would reduce control costs by the area a+tc.

Thus, a firmwould nmove fromA to B if the costs of the nove
(taking into account all of the advantages of site A relative to
site B as well as the noving costs thenmselves) were |ess than
atc.

Al t hough differential standards provide nore efficient
| ocation incentives than a uniform system they do not
necessarily provide precisely the right incentives. The ful
wel fare changes associated with a nove from A to B include the
di fference in damages, equal to b-c, as well as the reduction in
control cost (a+c). Thus, noving to site B would increase net

benefits if the costs of the nove were |ess than a+b. As the
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firm conpares nmoving costs to a+c under the differential
standard, the incentive to nove will be inadequate if ¢ is |ess
than b and excessive if c is greater than b.6

The inportance of the location incentives under benefit-
based flexibility depends on the feasibility and costs of |ow
damage siting, which are likely to vary wdely by source.
Differential standards should have little effect on the
| ocational pattern of sources owned by individuals for persona
use; tighter standards for autonobiles in urban areas, for
exanpl e, alnost certainly would not pronpt nany people to nove to
rural areas. (Price increases due to the stricter standards
mght result in somewhat |ower |evels of auto ownership in such
areas, however.) Simlarly, firns that sell directly to
consunmers have limted flexibility in choosing their |ocations;
few service stations would nove from Los Angeles, for exanple, if
stringent vapor recovery regulations were inposed in that
metropolitan area.

Locations are nore flexible, however, for many industria
sources, particularly new ones. Conpanies often consider severa
sites when deciding where to build a new plant. Many factors
enter into these decision -- including wage scal es and ot her
aspects of local |abor markets, transportation costs to fina
mar kets, access to raw materials, and state and |ocal taxes -- so
differences in environnental regulations are unlikely to be
dom nant determ nants in nost cases. They could, however, tip
the balance in favor of |owdanage sites when the other factors
are roughly balanced. Differential regulations are likely to be

more inportant for siting decisions in pollution-intensive
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i ndustries, where emssion control costs could be a significant
fraction of total costs. For such sources, |ow danage siting may

offer a cost-effective strategy for reducing danages.
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1. EMPI R CAL EVI DENCE

The theoretical case for incorporating benefit-based
flexibility in environnental regulations is straightforward.
Theory does not, of course, indicate the size of the efficiency
gains -- whether benefit-based flexibility is an inportant
elenent of reformor a mnor refinement of little practical
interest. Conpared to the interest in cost-based reforns,
relatively few studies have estimated the costs and benefits of
such strategies, but they suggest that adjusting the stringency
of standards to take benefits into account can generate |arge
efficiency inprovenents, exceeding in sone cases the gains from
cost-based flexibility.

The relevant studies may be grouped into two categories. 7
The first and nost inportant consists of studies that estimate
the advantages of allow ng federal standards to vary
geographically. The second consists of evaluations of the

I nportance of siting in reducing the environnental inpacts of

maj or projects.

Federal Prograns

Table 1 summarizes six studies that estimate the effects of
geographic variation in national environnental prograns. The
studi es range across nedia, including air pollution, water

pollution, and aircraft noise. The authors of each study have
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Table 1. Enpirical Studies of Benefit-Based Flexibility
Per cent age Decrease
Nurber from uni f orm base
Pol | ut ant of _
Aut hor (year) or source zones Cost s Benefits
Harrison auto air 2 35 9
(1975) pol I uti on
Luken et al. wat er 2 73 oa
(1976) pol | ution
Harrison aircraft 3 50 18
(1983) noi se
Ni chol s ai rborne 2 63 4
(1983) benzene
Hai gh coke oven 2 54 19
(1982) em ssi ons
Per1 and Dunbar coal-fired 21 62 14
(1982) power plants
Not es:

~ 3assunes no benefits from further
basins that are already "clean."
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divided the country into two or nore classes based on differences
in the benefits of pollution control, and then exam ned
alternative standards for each class.

None of the enpirical studies provides the ideal conparison
whi ch woul d neasure the gain in net benefits fromswtching from
an optimal wuniform standard to an optimal benefit-based variable
standard (as illustrated in Figure 1). Al studies use the
current uniform controls as a baseline, and then estinmate the
cost savings and benefit reductions that result when standards
are relaxed in |lowbenefit areas. There is, therefore, no
guarantee that the conparison is between optimal representatives
of either the uniform or the benefit-based flexible strategies.
These studies also fail to estimate the gains that mght arise
from relocating sources to |ower-danage sites. Neverthel ess,
they provide an indication of the potential gains from benefit-
based flexibility.

Harrison (1975) conpares federal new car em ssion standards
which are the sane for all cars regardl ess of where they are
driven with a "two-car" strategy that would | oosen the standards
outside of the nost heavily polluted and densely popul ated urban
areas. The benefits of controlling autonotive em ssions are
small in rural areas and snaller cities both because the air is
already relatively clean and because |ower densities mean that
fewer persons are affected by a given car's emssions. Harrison
estimates that swtching to a two-car strategy woul d reduce | ong-
run costs by 35 percent, with only a 9 percent reduction in
benefits, as neasured by the average reduction in exposure to

three pollutants.
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Luken et al. (1976), in a study done for the Nationa
Conm ssion on Water Quality, evaluate several alternatives to
stringent controls on industrial and nunicipal water pollution
sources. The 1972 Amendnents to the Water Pollution Control Act
mandated two stages of clean-up requirements, a first stage to be
acconplished by July 1, 1977, and a nore stringent stage to be
reached by July 1, 1983. The results in Table 1 are based on
Luken et al.'s calculations of the effects of maintaining
national Stage 1 standards, but elimnating the Stage 2 standards
for water basins with "good" water quality after Stage 1. The
Stage 2 control costs are reduced by 73 percent under the
benefit-based approach because 78 of the 99 river basins achieve
good quality after Stage 1. The authors did not calcul ate
benefit measures for the alternative. It is plausible, however
that the stringent Stage 2 controls generate virtually no
additional benefits in the "good quality" basins, as nost water
pol lution control benefits are accounted for by increased
recreational use, which would not be affected by additiona
clean-up where water quality is already good.

Current standards require all aircraft to nmeet the sane
noi se standards regardl ess of where they are flown. But it is
clear that a given takeoff or |anding causes nmuch nore annoyance
at airports |like Boston's Logan Airport, which is located in a
densely populated area, than at an airport |ike Dallas-Ft. Wrth,
which is located in a |ow density rural -suburban area. Harrison
(1983) estimates the costs and benefits of permtting nore

| enient standards for airports classified as "noderate benefit"
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or "low benefit." After naking allowance for the inpossibility
of precisely matching aircraft types to even these broad airport
categories (and thus the need for a greater nunber of stringently
controlled aircraft), Harrison estimates that such a schene
coul d reduce overall conpliance costs by 50 percent while
reduci ng benefits (as nmeasured by the number of people no |onger
exposed to high noise levels) by only 18 percent.

Two studies have exam ned the use of benefit-based
flexibility in regulating toxic air pollutants. Section 112 of
the Clean Air Act gives the EPA authority to regulate both new
and existing sources of "hazardous" air pollutants. N chols
(1983) evaluates options for regulating, airborne benzene,
focusing on the inportance of variability in marginal danmages
caused by em ssions. For one category of benzene em ssion
sources, naleic anhydride plants, the estimated exposure factor
(popul ation exposure to benzene per unit of benzene emtted)
varied by a factor of alnost 50, although only 8 plants were
involved. N chols estimates that if the four plants with | ower
exposure factors were exenpted from EPA's proposed uniform
em ssion standard, costs could be cut 63 percent while reducing
benefits only 4 percent. Although he does not calculate the
costs and benefits of regulatory alternatives for other sources
of benzene em ssions, N chols reports that exposure factors vary
by nore than 150 for both autonobiles and service stations;

Using a franework simlar to that of N chols, Haigh's (1982)
study of coke oven em ssions provides further evidence of the
I nportance of benefit-based flexibility. He estinmates that

exposure factors vary by nore than a factor of 150 across the 58
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pl ants studi ed by EPA. Al though EPA has not formally proposed a
coke-oven regul ation, Haigh identifies a uniform contro
requirenent that he considers a plausible estimate of what EPA
mght require if it decides to regulate under Section 112. An
alternative that exenpts all but the ten highest-exposure plants
fromthe regulations would cut costs by 54 percent, while
reducing benefits by only 19 percent.

Perl and Dunbar (1982) evaluate alternatives for controlling
sul fur dioxide em ssions fromcoal-fired power plants. They
estimate that the marginal benefits of |ower sulfur dioxide
em ssions vary across 21 electricity demand regions by nore than
a factor of three; the marginal health benefits al one vary by
about a factor of 150. An optimal system of region-specific so,
taxes, they estimate, would cost 62 percent |ess than the current
regul ations, while reducing benefits only 14 percent.
Unfortunately, Perl and Dunbar do not report sufficient
information to estimate how nmuch of the cost saving is due to

cost-based flexibility and how nuch to benefit-based flexibility.

Renote Siting

Nunerous environnmental Iy harnful facilities can be placed in
different locations -- airports; power plants, and highways are
common exanples -- to reduce damages. Ideally, one would want
estimates of the reduced damages with renmote siting, the savings
in control costs if different controls were required, and any
increase in non-environnental costs due to renote siting. No

studies provide such a full set of estimtes of the savings
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possible fromrenote siting as an alternative to stringent
controls, but several discuss siting as a tool for reducing risk.
Yel l'in and Joskow (1979) exam ne the nerits of renote siting

of nucl ear-powered generating plants. They argue that the
Nucl ear Regul atory Conm ssion has paid insufficient attention to

the potential consequences of major rel eases of radiation from
reactors, instead focusing al nost exclusively on standards to

reduce the probability of such accidents. Yellin and Joskow show

how renote siting can reduce those consequences, albeit at the
cost of longer transm ssion lines and greater transm ssion
| osses. Their argunment is not for differential regulations based
on siting, but rather for adding siting as another method of
control. Unfortunately, they do not provide quantitative esti-
mates of the greater transm ssion costs or the lower contro
costs that renmotel y-sited nucl ear power plants m ght incur

Wlson et al. (1980) argue that siting policy also can play
a significant role in reducing the danages caused by coal -fired
power plants. They suggest that such plants be |ocated, when
possi ble, in lightly popul ated areas downw nd of najor popul ation
centers. The Northeastern seacoast offers particularly
attractive sites fromthis perspective, as prevailing w nds would

bl ow nost of the em ssions out to sea. The authors estinate that

such siting could reduce damages by a factor of 3 to 32,
depending on the tine of year and the rate at which the sea
absorbs sulfates. Again, they provide no estinmates of increased
transm ssion control or decreased em ssion control costs if such

a policy were adopted.
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Lathrop and Linnerooth (1982) discuss another exanple of
using | owdamage siting as an adjunct to nore conventiona
controls of hazardous activities: liquified natural gas (LNG
transfer facilities. California requires stringent safeguards on
such facilities, but also restricts themto sites wth a
popul ation density of |less than ten people per square mle.
Unfortunately, the authors provide no quantitative estinates of
either the benefits or the costs of the two means of reducing the

ri sks from LNG

Concl usions fromthe Enpirical Studies

These studies suggest two major conclusions. First, the
gains from introducing benefit-based flexibility are likely to be
significant, quite possibly on a par with the nore w dely studi ed
advant ages of cost-based flexibility. Mst of the increase in
efficiency probably would cone from differential controls, in
particular relaxing controls from current levels where the
margi nal benefits are small. Although the enpirical evidence is
much sketchier, it appears that damage-sensitive siting also nay
be an inportant tool for risk reduction for sone types of
hazardous facilities.

Second, large gains appear possible even with relatively
crude benefit-based strategies. Four of the six studies of
Federal regulations differentiated only two benefit classes, and
a fifth used three cl asses. Moreover, in nost cases the studies

were able to consider only a very restricted range of control
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options, typically an existing (or proposed) standard and one or
two alternatives. Enlarging the nunbers of classes and contro

options presumably would permt |arger gains.
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